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ABSTRACT
The p h o t o e l e c t r o n  s p e c t r o s c o p y  ( p e s )  o f  c a r b o n y l - c o n t a i n i n g  
m o l e c u l e s  was i n v e s t i g a t e d .  Pes  s p e c t r a  were  o b t a i n e d  and a r e  r e p o r t e d  
f o r  m o n o c a r b o n y l s  ( u r e a ,  d i m e t h y l  c a r b o n a t e ,  and a c e t a l d e h y d e ) ,  o f  r,— 
d i c a r b o n y l s  ( o x a m id e ,  N , N ' - d i m e t h y l o x a m i d e ,  N ,N 1- d i - n - p r o p y l o x a m i d e , 
N , N , N ' , N ' - t e t r a m e t h y l o x a m i d c ,  oxamic a c i d ,  e t h y l  oxa m a te ,  N , N - d i m e t h y l  
e t h y l  oxa m a te ,  o x a l i c  a c i d ,  d i m e t h y l  o x a l a t e ,  d i e t h y l  o x a l a t e ,  b i a c e t y l ,  
p y r u v i c  a c i d ,  m e th y l  p y r u v a t e ,  p y r u v a m i d e ,  o x a l y l  c h l o r i d e  and e t h y l  
o x a l y l  c h l o r i d e ) ,  and t r i c a r b o n y l s  ( p a r a b a n i c  a c i d ,  m e t h y l p a r a b a n i c  
a c i d ,  d imet  liy I p a r a h a n i c  a c i d  and d i - n - p r o p y l p a r a b a n i c  a c i d ) .  These  
s p e c t r a  a r e  i n t e r p r e t e d  i n  t e r m s  o f  (1 )  A d d i t i v i t y  e f f e c t s :  The
i n t r o d u c t i o n  o f  a g i v e n  s u b s t i t u e n t  i n t o  any  m o l e c u l e  o f  a c l a s s  o f  
c l o s e l y - r e l a t e d  m o l e c u l e s  i s  found t o  p r o d u c e  a change  i n  t h e  i o n i ­
z a t i o n  p o t e n t i a l  wh ich  i s  s e n s i b l y  c o n s t a n t  a n d ,  f o r  m u l t i p l e  s u b s t i ­
t u t i o n ,  r o u g h l y  a d d i t i v e ;  (2 )  C o r r e l a t i v e  s t u d i e s :  M o n o c a r b o n y l s ,
s u c h  a s  f o r m a ld e h y d e  o r  fo rm am ide ,  c o n s t i t u t e  a b a s i s  f o r  a c o m p o s i t e -  
m o l e c u l e  model  a p p l i c a b l e  t o  t h e  o - d i c a r b o n y l s ; ( 3 )  N - m e t h y l a t i o n  
( N - a l k y l a t i o n )  s h i f t s :  The tt MO's a r e  more s e n s i t i v e  t o  a l k y l
s u b s t i t u t i o n  t h a n  t h e  o - n o n b o n d in g  (n )  MO's;  (4 )  O - a l k y l a t i o n  
( e s t c r i f i c a L i o n )  : The f o r m a t i o n  o f  a n  e s t e r  w i l l  c a u s e  a d e c r e a s e  i n  
t h e  n / n ^  s e p a r a t i o n  r e l a t i v e  t o  t h e  a c i d ;  (5 )  CNDO/s c o m p u t a t i o n s :  
L ow -ene rgy  i o n i z a t i o n  e v e n t s  e x h i b i t  e x c e l l e n t  a g r e e m e n t  w i t h  computed 
v a l u e s  when Koupmans '  Theorem i s  i n v o k e d .
x v i
CHAPTER I  
INTRODUCTION
1
M o l e c u l e s  c o n t a i n i n g  one o r  more c a r b o n y l  ( i . e . ,
? C = 0 )  g r o u p s  o c c u r  w i d e l y  and a r e  o f  enormous  i m p o r t a n c e
i n  p r e p a r a t i v e  o r g a n i c  c h e m i s t r y . *  They a r e  a l s o  w i d e l y  d i s p e r s e d
2
i n  b i o l o g i c a l  s y s t e m s  and have  r e p u t e d  c h e m o t h e r a p e u t i c  v a l u e
3
a s  a n t i - c a r c i n o g e n s .  As a r e s u l t ,  t h e  e l e c t r o n i c  s t r u c t u r e  o f  
t h e s e  s y s t e m s  h a s  b e e n  o f  c o n s i d e r a b l e  i n t e r e s t  and h a s  i n v o l v e d  
much i n v e s t i g a t i v e  e f f o r t .  U n f o r t u n a t e l y ,  t h e s e  e f f o r t s  have 
n o t  b e e n  v e r y  s u c c e s s f u l .
4
The i n t e r e s t  o f  t h e s e  L a b o r a t o r i e s ,  b e i n g  d i r e c t e d
toward  e x c i t e d  e l e c t r o n i c  s t a t e s ,  was p r i m a r i l y  v e s t e d  i n  v i s i b l e ,
u l t r a v i o l e t  and vacuum u l t r a v i o l e t  a b s o r p t i o n  s p e c t r o s c o p y  and i n
^ 5 6 7e m i s s i o n  s p e c t r o s c o p y .  These  s t u d i e s ,  * * '  w h i l e  c e r t a i n l y  
s u c c e s s f u l  i n  t h e i r  own r i g h t ,  e m p h a s i z e d  t h e  i m p o r t a n c e  a s s o c i a t e d  
w i t h  a d e t a i l e d  knowledge  o f  g round  s t a t e  e l e c t r o n i c  c o n f i g u r a t i o n s .  
The most  d i r e c t  e x p e r i m e n t a l  i n g r e s s  t o  t h o s e  g round  s t a t e  p r o p e r t i e s  
w h i c h  a r e  p e r t i n e n t  t o  e x c i t e d  s t a t e  e l e c t r o n i c  c o n s i d e r a t i o n s  i s  
p r o v i d e d  by p h o t o e l e c t r o n  s p e c t r o s c o p y  ( p e s )  ; h e n c e ,  t h e  o r i g i n s  o f  
t h e  p r e s e n t  s t u d y .
The p h o t o e l e c t r o n  s p e c t r o s c o p i c  t e c h n i q u e ,  a s  d e v e lo p e d
g
by  T u r n e r ,  p r o v i d e s  g round  s t a t e  i o n i z a t i o n  e n e r g i e s .  The a d ­
v a n t a g e  o f  t h e  p h o t o e l e c t r o n  s p e c t r o s c o p i c  t e c h n i q u e  l i e s  i n  
t h e  e a s e  o f  m easu rem en t  and n o t  i n  i t s  a c c u r a c y ;
f o r  e x a m p l e ,  t h e  p r e c i s i o n  o f  p e s  d a t a  i s  c o n s i d e r a b l y
b e lo w  t h a t  o b t a i n a b l e  by  s e r i e s  l i m i t i n g  t e c h n i q u e s  i n  Rydbe rg 
9
s p e c t r o s c o p y .  However ,  t h e  s e r i e s  l i m i t i n g  t e c h n i q u e  i s  v e r y  
t im e  consum ing  and i s  p r o b a b l y  r e s t r i c t e d  t o  a few l o w - e n e r g y  
i o n i z a t i o n s  i n  a n y  one m o l e c u l e .
The i m p o r t a n c e  o f  t h e  i o n i z a t i o n  d a t a  l i e s  i n  t h e  f a c t  
t h a t ,  v i a  Koopmans ' t h e o r e m , ^  t h e  i o n i z a t i o n  e n e r g i e s  may be 
e q u a t e d  t o  m o l e c u l a r  o r b i t a l  e n e r g i e s .  As s u c h ,  pe s  d a t a  p r o v i d e  
d i r e c t  m easu rem en t  o f  t h e  e n e r g i e s  o f  t h e  p o p u l a t e d  m o l e c u l a r  
o r b i t a l s *
Methods w h i c h  have  p r o v e n  h e l p f u l  f o r  a s s i g n i n g  p e s  
i o n i z a t i o n  e v e n t s  a r e :
(1 )  V i b r o n i c  s t r u c t u r e
12(2 )  P h o t o i o n i z a t i o n  c r o s s - s e c t i o n s ;  and
(3 )  P c r f L u o r o  e f f e c t s . ^
T h e s e  d i a g n o s t i c  m ethods  have  p r o v e n  u s e f u l  i n  t h e  a s s i g n m e n t s  
o f  t h e  p e s  bands  o f  c a r b o n y l  compounds such  a s  f o r m a l d e h y d e .
I n  a d d i t i o n ,  a s s i g n m e n t s  may o f t e n  be made,  o r  a t  
l e a s t  s u b s t a n t i a t e d ,  by  mak ing d i r e c t  c o r r e s p o n d e n c e  t o  t h e  
r e s u l t s  o f  s e m i - e m p i r i c a l  o r  ajb i n i t i o  m o l e c u l a r  o r b i t a l  c a l ­
c u l a t i o n s .  A o n e - t o - o n e  c o r r e s p o n d e n c e  be tw een  t h e  computed
14MO e n e r g i e s ,  a s  m u l t i p l i e d  by some e m p i r i c a l  f a c t o r  w h ich  
s u p p o s e d l y  c o m p e n s a t e s  f o r  t h e  e l e c t r o n  r e o r g a n i z a t i o n  w h ic h  
o c c u r s  d u r i n g  i o n i z a t i o n ,  and t h e  pe s  band e n e r g i e s  i s  u s u a l l y  
i n v o k e d .  T h i s  p r o c e d u r e ,  w h i l e  a d m i t t e d l y  d a n g e r o u s ,  ha s  had 
much s u c c e s s .
The p u r p o s e  o f  t h i s  work  was t o  i n v e s t i g a t e  p r e v i o u s  
a s s i g n m e n t s  o f  t h e  p e s  d a t a  o f  m o n o - c a r b o n y l  m o l e c u l e s ,  whe re  
a v a i l a b l e ,  and t o  d e v e l o p  m ethods  w h i c h  would  be u s e f u l  i n  t h e  
i n t e r p r e t a t i o n  o f  t h e  p e s  d a t a  f o r  o ' - d i c a r b o n y l s .  A l i s t  o f  
t h o s e  m e thods  w h i c h  were  found t o  be h e l p f u l  i s  g i v e n  be low :
(1 )  A d d i t i v i t y  e f f e c t s :  I t  was found  t h a t  t h e  
c h e m i c a l  s u b s t i t u t i o n  o f  s l i g h t l y  p e r t u r b i n g  g r o u p s  p ro d u ce d  
v a r i a t i o n s  i n  t h e  i o n i z a t i o n  e n e r g i e s  w h i c h  were  a d d i t i v e  and 
whose  m a g n i t u d e s  were  r e l a t i v e l y  c o n s t a n t  and c h a r a c t e r i s t i c
o f  b o t h  t h e  s u b s t i t u e n t  and t h e  n a t u r e  o f  t h e  i o n i z a t i o n  e v e n t .
(2 )  C o r r e l a t i v e  s t u d i e s :  A c e r t a i n  r e l a t e d n e s s  o f  
t h e  p e s  d a t a  f o r  g r o u p s  o f  s i m i l a r  m o l e c u l e s  c o u ld  be i n f e r r e d  
and  s e r v e d  t o  c h a r a c t e r i z e  t h e  n a t u r e  o f  t h e  i o n i z a t i o n  e v e n t s .
(3 )  N - M e t h y l a t i o n  ( N - A l k y l a t i o n )  s h i f t s :  The 
s u b s t i t u t i o n  o f  m e th y l  o r  a l k y l  g r o u p s  on t h e  amide  g r o u p ,
-CON was e x p e c t e d  t o  be most  p e r t u r b a t i v e  o f  i o n i z a t i o n  e v e n t s  
w h ic h  i n v o l v e d  removal  o f  e l e c t r o n s  w h ic h  were  h e a v i l y  l o c a l i z e d  
on t h e  a m i d i e  g r o u p .
( 4 )  O - A l k y l a t i o n  ( e s t e r i f i c a t i o n )  s h i f t s :  The f o r m a t i o n
o f  a n  e s t e r  f rom  a n  a c i d  was e x p e c t e d  t o  be  most  p e r t u r b a t i v e  o f  
i o n i z a t i o n  e v e n t s  wh ich  i n v o l v e  rem ova l  o f  -OH o r  -COOH e l e c t r o n s .
( 5 )  CNDO/s c o m p u t a t i o n s :  S e m i - e m p i r i c a l  c o m p u t a t i o n s  
(CNDO/2, INDO, MINDO and CKDO/s) have b e e n  found  t o  be v e r y  
u s e f u l  i n  a s s i g n i n g  pes  b a n d s .  A s i m i l a r  u t i l i t y ,  p a r t i c u l a r l y  
f o r  CNDO/s r e s u l t s ,  was e s t a b l i s h e d  in  t h i s  w ork .
The m a t e r i a l  d i s c u s s e d  i n  C h a p t e r  I I  d e a l s  w i t h  t h e  f i r s t  
p o i n t ,  a d d i t i v i t y  e f f e c t s .  I n  C h a p t e r  I I I ,  t h e  s e cond  p o i n t  c o r ­
r e l a t i o n  s t u d i e s ,  i s  d e v e l o p e d  and d i s c u s s e d .  The t h i r d  p o i n t ,  N- 
m e t h y l a t i o n  ( o r  N - a l k y l a t i o n ) , i s  c o v e r e d  i n  C h a p t e r  IV. 0 -  
a l k y l a t i o n  ( e s t e r i f i c a t i o n )  i s  d e v e l o p e d  i n  C h a p t e r  V. The f i f t h  
p o i n t ,  CNDO/s c o m p u t a t i o n s ,  i s  u sed  i n  C h a p t e r s  I I - V I  t o  e s t a b l i s h  
t h e  v a l i d i t y  o f  suc h  c o m p u t a t i o n s  and t o  s e r v e  a s  a g u i d e  f o r  t h e  
c o r r e l a t i v e  s t u d i e s .  C h a p t e r s  VI and  V I I  d e a l  w i t h  a l l  o f  t h e  
f i v e  p o i n t s  and C h a p t e r  V I I I  i s  n summary o f  t h e  i o n i z a t i o n  e n e r g i c  
and a s s i g n m e n t s  w h ic h  c o n s t i t u t e  t h i s  work .
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CHAPTER I I .
BAND ASSIGNMENTS IN MONOCARBONYLS AND 'T-DICARBONYLS
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INTRODUCTION
V a r i o u s  e x p e r i m e n t a l  c r i t e r i a  have  b e e n  u sed  t o  r e l a t e  
p h o t o e l e c t r o n  s p e c t r a  ( p e s )  t o  t h e  i o n i z a t i o n  o f  e l e c t r o n s  f rom  
s p e c i f i c  t y p e s  o f  m o l e c u l a r  o r b i t a l s .  Among t h e s e  a r e  F r a n c k -
Condon band s h a p e s  and v i b r o n i c  c o n s i d e r a t i o n s , *  t h e  " p e r f l u o r o 1'
2 3
e f f e c t ,  p e s  i n t e n s i t y  d e p e n d e n c e  on p h o t o n  e x c i t a t i o n  e n e r g y ,
t h e  a s s o c i a t i o n  o f  l a r g e  o r  s m a l l  s u b s t i t u e n t  e f f e c t s  w i t h  t h e  
a n t i - n o d a l / n o d a l  c h a r a c t e r i s t i c s  o f  an  MO w a v e f u n c t i o n , ^  e t c .
A l l  o f  t h e s e  c r i t e r i a ,  ho w e v e r ,  a r e  u s e f u l  i n  l i m i t e d  e x p e r i m e n t a l  
r a n g e s ,  a n d ,  t h u s ,  t h e  d e v e lo p m e n t  o f  o t h e r  c r i t e r i a  f o r  r a n g e s  
n o t  r e a d i l y  t r a c t a b l e  by any  p r e s e n t l y - k n o w n  means i s  i m p o r t a n t .
One o f  t h e  p u r p o s e s  o f  t h i s  work  i s  t o  d i s c u s s  t h e  e x ­
i s t e n c e  o f  a s i m p l e ,  a d d i t i v e ,  s u b s t i t u e n t  e f f e c t  on i o n i z a t i o n  
p o t e n t i a l s .  S p e c i f i c a l l y ,  t h e  i o n i z a t i o n  p o t e n t i a l  I ( i , N X ) ,  where  
i  i s  a n  MO i n d e x ,  X i s  a s u b s t i t u e n t  i n d e x  and N i s  t h e  number o f  
s u b s t i t u e n t s ,  i s  found t o  be
I ( i . ,NX) - I ( i )  i N A I ( i , X)  I
w h e re  l ( i )  i s  t h e  i o n i z a t i o n  p o t e n t i a l  o f  t y p e  i  o f  some s p e c i f i e d  
p a r e n t ,  u n s u b s t i t u t e d  m o l e c u l e  and A I ( i , X )  i s  a  c o n s t a n t  f o r  a 
g i v e n  s u b s t i t u e n t  X w i t h i n  a c l a s s  o f  c l o s e l y - r e l a t e d  p a r e n t  m o le ­
c u l e s .  The c a t c h  i n  o u r  p h r a s e o l o g y  r e s i d e s  i n  t h e  p h r a s e  " c l o s e l y -  
r e l a t e d  p a r e n t  m o l e c u l e s . "  The l i m i t s  a s s o c i a t e d  w i t h  t h i s  p h r a s e
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a r e  y e t  t o  be d e f i n e d .  I n d e e d ,  we have  m e r e l y  s e l e c t e d  a s e r i e s  
o f  m o l e c u l e s  i n  w h i c h  we have  s i g n i f i c a n t  i n t e r e s t ,  t h e  mono- 
c a r b o n y l s ' * ’ ^ and o ' - d i c a r b o n y l s ,  ̂*8 ’ and have  found t h a t  Eq. 1 
e x h i b i t s  a b road  r a n g e  of  v a l i d i t y  and i s  u s e f u l  i n  making  pes  
band  a s s i g n m e n t s .
As a n  e x a m p l e ,  c o n s i d e r  t h e  t e n t a t i v e  a s s i g n m e n t ,  by 
2
B r u n d l e  et^ a_ l . , o f  t h e  13 .4eV p e s  band o f  a c e t o n e  t o  I ( tt) ,  where 
tt i s  t h e  tt MO l o c a l i z e d  on t h e   ̂ C = 0 g r o u p .  T h i s  a s s i g n m e n t  may 
be  v a l i d a t e d  by c o n s i d e r a t i o n s  o f  t h e  s e r i e s  fo rm a ld e h y d e  (H^CO), 
a c e t a l d e h y d e  (CH^CHO), and a c e t o n e  (CH^COCH^). The I ( n )  
band o f  f o r m a ld e h y d e  has*^* I ( n )  a t  ! 4 . 5 e V  ( v e r t i c a l )  o r  14.09cV 
( a d i a b a t i c ) .  The I(r r)  band  o f  f o r m a ld e h y d e  may be c o r r e c t e d  
w i t h  e i t h e r  t h e  2nd o r  3 rd  p e s  b a n d s  o f  a c e t a l d e h y d e  w h i c h  o c ­
c u r  a t  I ( 2 n d )  = 13 .2eV  ( v e r t i c a l ) * -* o r  12 .61eV ( a d i a b a t i c )  and 
I ( 3 r d )  a t  14 .1 9eV ( v e r t i c a l ) * *  and  13 .5 4eV ( a d i a b a t i c ) ,  r e s p e c t i v e l y .  
The I ( t t )  band o f  f o r m a ld e h y d e  may a l s o  be c o r r e l a t e d  w i t h  t h e  2nd 
o r  3rd bands  o f  a c e t o n e  w h ich  o c c u r  a t  I ( 2 n d )  -  12 .6eV ( v e r t i c a l )  
o r  11 .99eV ( a d i a b a t i c )  and  I ( 3 r d )  -  13 .4eV ( v e r t i c a l )  o r  12 .79cV 
( a d i a b a t i c ) ,  r e s p e c t i v e l y .  I f  t h e  t h r e e  s e t s  o f  d a t a  a r e  e v a l u a t e d  
s i m u l t a n e o u s l y ,  t h e  a d i a b a t i c  i o n i z a t i o n  p o t e n t i a l  d i f f e r e n c e s  f o r  
c o r r e l a t i o n  o f  I ( n )  o f  l^CO w i t h  I ( 2 n d )  o f  CH^CHO and (C H ^ jC O  a r e
h2c o  — ~ * - 4 8 ^  c h 3c ho  -  ( c h 3 ) 2co   2
w h e r e a s  an assumed c o r r e l a t i o n  o f  I ( tt)  o f  H2 C0 w i t h  I ( 3 r d )  y i e l d s
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H2CO — " Q' " 9 > CH3CHO — ~ ° ‘ 7 l > (CH3>2CO  3
The l a t t e r  scheme e x e m p l i f i e s  t h e  v i e w  e x p r e s s e d  i n  Eq. 1 a n d ,  t o  
t h e  e x t e n t  t h a t  Eq. 1 i s  m e a n i n g f u l ,  i t  s u p p o r t s  t h e  a c e t o n e  
a s s i g n m e n t  I ( t t )  = 13 .4eV.  O t h e r  e v i d e n c e s  s u p p o r t i v e  o f  t h i s  same 
a s s i g n m e n t  a r e :
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( i )  The I ( tt) v a l u e s  f o r  m e t h y l a t e d  e t h y l e n e s  a r e :
CH2 = CH2 ( 1 0 . 5 0 e V ) ; CH2 = CHCH3 ( 9 . 7 3 e V ) ; CH2 = C(CH3) 2 ( 9 . 2 3 e V ) ;
HCH3C = C(CH3) 2 ( 8 .67eV )  ; ( C H ^ C  = G(CH3) 2 ( 8 . 3 0 e V ) . The CH2  = C C 
and ;  C = C(CH3 ) 2 g r o u p s  a r e  " i s o e l e c t r o n i c "  w i t h  t h e  5 C = 0 
g roup  and t h e  a v e r a g e  v a l u e s  o f  A I ( tt,  CH3) f o r  t h e  e t h y l e n i c
g r o u p s ,  - 0 . 6 4  and - 0 . 4 7 e V  r e s p e c t i v e l y ,  a r e  c o m p a r a b le  t o  t h e  v a l u e s  
o f  - 0 . 5 9  and  - 0 . 7 1 e V  found  f o r  t h e  c a r b o n y l  g ro u p  i n  Eq.  3.
( i i )  The a d i a b a t i c  i o n i z a t i o n  p o t e n t i a l s  o f  Eq. 2, 12 .6 1  
( 1 3 . 2 ,  v e r t i c a l )  and 1 1 . 9 9 e V ( 1 2 . 6 , v e r t i c a l )  f o r  CH3 CH0 and (CH3) 2CO 
r e s p e c t i v e l y ,  c o r r e s p o n d  t o  t h e  1 s t  p e s  band o f  CH^ a t  1 2 . 5 ( 1 3 . 5 ,  
v e r t i c a l )  and u n d o u b t e d l y  r e p r e s e n t  i o n i z a t i o n  o f  an  e l e c t r o n  which  
h a s  s i g n i f i c a n t  a m p l i t u d e  on t h e  -CH., g r o u p .
2As a r e s u l t ,  t h e  a s s i g n m e n t  o f  B r u n d l e  et_ a l . may be 
c o n s i d e r e d  t o  be w e l l  e s t a b l i s h e d .  A d d i t i o n a l l y ,  t h e  a t t i t u d e  
o f  Eq.  1 h a s  b e e n  found t o  be u s e f u l .  The r e m a i n d e r  o f  t h i s  t e x t  
i s  c o n c e r n e d  w i t h  d e v e lo p m e n t  o f  t h e  p e r t u r b a t i v e  a p p r o a c h  o f  
Eq.  1 and i t s  u se  i n  making  p e s  band  a s s i g n m e n t s  f o r  m o n o c a r b o n y l s  
and r v - d i c a r b o n y l s .  P r i o r  t o  d o i n g  s o ,  ho w e v e r ,  a c o n s i s t e n t  
n o t a t i o n  i s  n e e d e d .
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ORBITAL NOTATION
The o r b i t a l  n o t a t i o n  u s e d  f o r  t h e  n - s y s t e m  o f  mono- 
c a r b o n y l s  HCOX, w h e re  X i s  a s u b s t i t u e n t  s u c h  a s  -OH o r  -NH^ 
w h i c h  i n t r o d u c e s  a r e a d i l y - i o n i z a b l e  T T -e le c t ro n  p a i r  i n t o  t h e  
o r i g i n a l  n - s y s t e m ,  i s  shown i n  F i g u r e  1 f o r  t h e  s p e c i f i c  example  
o f  f o rm a m id e .  The n MO i s  n o t  shown;  t h i s  MO i s  l a r g e l y  o f  2p 
t y p e ,  i s  l a r g e l y  l o c a l i z e d  on t h e  oxygen c e n t e r  a n d ,  i n  t h e  c a se  
o f  1^ 00 ,  i s  b o t h  i n - p l a n e  and p e r p e n d i c u l a r  t o  t h e  ;  C = 0 bond .
The tTq  MO, b e i n g  l a r g e l y  l o c a l i z e d  on t h e  s u b s t i t u e n t  X, i s  a k i n  t o
t h e  "jI MO" i n  m o l e c u l e s  l i k e  a n i l i n e  o r  p h e n o l ;  i t  i s  a l s o  an  MO
t y p e  i n t r o d u c e d  by  s u b s t i t u e n t s  s u c h  a s  CH^ w he re  f o r m a l  tt/ ct 
d i s t i n c t i o n s  b r e a k  down. The tt MO i s  l a r g e l y  a ; C = 0 l o c a l i z e d  
o r b i t a l  w h i c h  h a s  b e e n  m o d i f i e d  by c o n j u g a t i v e  i n t e r a c t i o n s  w i t h  
t h e  s u b s t i t u e n t .
The o ' - d i c a r b o n y l s  s t u d i e d  i n  t h i s  work h a v e  t h e  g e n e r a l  s t r u c -  
0  0
t u r c  X -  ft -  ft - Y where  X, Y 11, R, OH, OR, NIL,, N1IR, NR2 ,
CSL and R = CH^, o ' - d i c a r b o n y l s  s u b d i v i d e  i n t o  two
b a s i c  c l a s s e s :  Sym m et r i c  when X ~ Y and  n o n - s y m m e t r i c  when
X ^ Y. However ,  f o r  p u r p o s e s  o f  MO d e s i g n a t i o n ,  i t  i s  c c m v e n ie n t  
t o  i n t r o d u c e  a s e c o n d a r y  c l a s s i f i c a t i o n  b a s e d  on t h e  d e g r e e  o f  
s u b s t i t u t i o n .  Thus ,  i f  we d e f i n e  " s u b s t i t u t i o n "  a s  t h e  i n t r o ­
d u c t i o n  o f  a g r o u p ,  X o r  Y, w h i c h  y i e l d s  an  e a s i l y - i o n i z a b l e  MO 
o f  t y p e  n , we c a n  s u b - d i v i d e  t h e  r v - d i c a r b o n y l s  i n t o  " u n s u b s t i t u t e d , "  
" m o n o s u b s t u t u t e d , "  and " d i s u b s t i t u t e d "  t y p e s .  The u t i l i t y  o f  
t h i s  s u b - d i v i s i o n  i s  embodied i n  T a b l e  I  whe re  t h e  MO's o f  t h e s e
F i g u r e  1: M o l e c u l a r  o r b i t a l s  o f  T T - t y p e  f o r  fo rm a m ide ,  a s  g e n e r a t e d
13i n  a  CNDO/s c a l c u l a t i o n .  Numbers above  t h e  tt l o b e s  
r e f e r  t o  MO c o e f f i c i e n t s  a t  t h e  c e n t e r  i n  q u e s t i o n .
0.75
-11 .23«V; 2 a " ( C 8 ) ; i r 0
- 1 5 .2 5  eV* I a"(Cs ); ir
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T h is  t a b l e ,  m o d i f i e d  t o  some d e g r e e ,  i s  t a k e n  fro m  D. B. L a r s o n .  Some d i s c u s s i o n  o f  i t  i s  a v a i l a b l e
o
i n  L a r s o n  an d  M cG lynn. The + a n d  -  s i g n s  r e f e r  t o  t h e  p h a s in g  o f  t h e  w a v e f u n c t i o n s  o n  t h e  v a r i o u s  
a to m ic  c e n t e r s .  The d o t  i n d i c a t e s  z e r o  o r  n e a r - z e r o  v a v e f u n c t i o n  a m p l i t u d e .  The n u m b e r in g  s y s te m  f o r




X( l )  ° 5
T he n  a n d  tt n o m e n c la tu r e  u s e d  i s  s t r i c t l y  v a l i d  f o r  w h o l ly  p l a n a r  ar-dicarbonyls but r e ta in s  q u a l i t a t iv e
7 8
s i g n i f i c a n c e  e v e n  w hen  X t= ^ 2 ^ 5  o r  w*le n  cr“dicarbonyl i s  non-planar.
t h r e e  s u b - t y p e s  a r e  r e l a t e d  t o  e a c h  o t h e r  and t o  t h o s e  o f  t h e  mono­
c a r b o n y l s  by means o f  a c o n s i s t e n t ,  s e l f - e v i d e n t  MO n o t a t i o n .
The i o n i z a t i o n s  o f  I n t e r e s t  i n  t h i s  work  a r e  t h o s e  w h i c h  
i n v o l v e  n ,  tt and tt e l e c t r o n s  i n  t h e  m o n o c a r b o n y l s  and n , n ,(J 4 -
tt and tt e l e c t r o n s  i n  t h e  o’- d i c a r b o n y l s .  The i o n i z a t i o n s  w h ic h
i n v o l v e  tt̂  e l e c t r o n s  i n  t h e  a - d i c a r b o n y l s  w i l l  n o t  be d i s c u s s e d
14h e r e  b u t  w i l l  be d e f e r r e d  t o  a f o l l o w i n g  p a p e r .  F u r t h e r  d e t a i l  
on t h e  n o t a t i o n a l  s y s t e m  f o r  t h e  a - d i c a r b o n y l  MO's i s  a v a i l a b l e  
i n  L a r s o n  ^ w h e re  an  e x t e n s i o n  t o  a n  e x c i t e d  s t a t e  n o t a t i o n  i s  
a l s o  p r o v i d e d ,
EXPERIMENTAL CONSIDERATIONS
P h o t o e l e c t r o n  s p e c t r a  were  o b t a i n e d  on  a P e r k i n - E l m e r
P S -1 8  i n s t r u m e n t .  E x p e r i m e n t a l  d e t a i l s  and r e p r e s e n t a t i v e  s p e c t r a
14w i l l  be d i s c u s s e d  e l s e w h e r e .  Many o f  t h e s e  s p e c t r a  a r e  d i f f u s e  
and e x h i b i t  o n l y  a r em n a n t  v i b r a t i o n a l  s t r u c t u r e .  C o n s e q u e n t l y ,  
t h e  I ( i )  v a l u e s  q u o t e d  h e r e  r e f e r  t o  F ra n c k - C o n d o n  band maxima, 
r e g a r d l e s s  o f  w h e t h e r  a g i v e n  band e x h i b i t s  s t r u c t u r e  o r  n o t .
D i f f u s e  s p e c t r a  a r c  t h e  most  d i f f i c u l t  t o  u n r a v e l  and 
a s s i g n  b e c a u s e  most  o f  t h e  no rm a l  a s s i g n m e n t  c r i t e r i a  a r e  i n a p ­
p l i c a b l e .  I t  i s  ou r  o p i n i o n  t h a t  t h e  p e r t u r b a t i o n  t a c t i c s  t o  
be d i s c u s s e d  h e r e  a r e  most  u s e f u l  i n  c a s e s  o f  d i f f u s e  s p e c t r a  and 
t h a t  t h e y  w i l l  p l a y  o n l y  s u p p o r t i v e  r o l e s  w h e re  r i c h  v i b r o n i c  
d e t a i l s  a r e  a v a i l a b l e .
MONOCARBONYLS
n-IONIZATION
The e f f e c t s  o f  -CH^ and -OH s u b s t i t u t i o n  on I ( n )  o f
fo rm a ld e h y d e  a r e
0 0 0
II I I
C .  - 0 . 6 8  ^  C - 0 . 5 4  ^ C
K T  H c n ^ '_  NS' H C,I3 V ^ CH3
( 1 0 . 8 8 )  ( 1 0 . 2 0 )  ( 9 . 6 6 )
|  + 0 .6 3  |  + 0 .6 2
0  0
II I
- - 0 . 6 9  _  C
H OH CH3 OH
( 1 1 . 5 1 )  ( 1 0 . 8 2 )
where  A I (n ,  CH^), i n  eV, i s  i n d i c a t e d  on t h e  h o r i z o n t a l  a r r o w s ,  
A I (n ,  OH) on t h e  v e r t i c a l  a r r o w s ,  and I ( n )  i s  i n  b r a c k e t s  below 
t h e  m o l e c u l a r  r e p r e s e n t a t i o n .  M e t h y l a t i o n  o f  e i t h e r  f o r m a ld e h y d e  
o r  f o r m i c  a c i d  y i e l d s  s i m i l a r  A I (n ,  CH^) v a l u e s .  S u b s t i t u t i o n  
o f  an  -OH g roup  i n  e i t h e r  f o rm a ld e h y d e  o r  a c e t a l d e h y d e  y i e l d s  
i d e n t i c a l  A I (n ,  OH) v a l u e s .  I t  a l s o  a p p e a r s  t h a t  m u l t i p l e  s u b ­
s t i t u t i o n  i s  o n l y  s l i g h t l y  s a t u r a t i v e ,  a s  w i t n e s s  t h e  s m a l l  change  
from - 0 . 6 8  t o  - 0 . 5 4 e V  c a u se d  by t h e  s e r i e s  m e t h y l a t i o n  w h ic h
y i e l d s  a c e t o n e .  These  a d d i t i v i t y  e f f e c t s  a r e  a l s o  found  i n  an




/ C \   - ° ’ 7 5  "  / C\
H H H C ^ CH H
( 1 0 . 8 8 ) ( 1 0 . 1 3 )
|  +0 . 63 J  + 0 .6 4
0  0
II II
/ C\   " *  »  / C\
H ^  OH H2C -  CH OH
( 1 1 . 5 1 )  ( 1 0 . 7 7 )
F i n a l l y ,  t h e  e f f e c t s  o f  "CH^ and -NR2 (R -  H, CH^) s u b ­
s t i t u t i o n  on l ( n )  o f  formamide  a r e  i l l u s t r a t e d  f o r  t h e  fo rm a m id e /
16 17N , N - d i m e t h y l a c e t n m i d e  s e r i e s  ’ i n  t h e  c y c l e
M 0 27 ** y ^ 3  - 0  28  ̂ / ^ 3H -  C -   ° - 2 7 ^  H -  C -  3-------- i i l i V n  -  C - N '
( 1 0 . 3 2 )  H ( 1 0 . 0 5 )  ^  ( 9 . 7 7 )  CU3
■0.36 - 0 . 3 7
1-
■0. 34
tt / H - 0  28 » ^ CH3 - 0 . 2 5  « / CH3
CH -  C -  N -----------2 i i ^ C H ,  -  C -  N J ^ C H  -  C -  N
3 \  3  \  J  \
( 9 . 9 6 )  H ( 9 . 6 8 )  H ( 9 . 4 3 )  Cli3
I t  a p p e a r s  t h a t  N - m e t h y l a t i o n  d e c r e a s e s  l ( n )  by 0 .27eV  w h e r e a s  
C - m e t h y l a t i o n  p r o d u c e s  a d e c r e a s e  o f  0 .36e V .
The e f f e c t s  o f  m e t h y l a t i o n  on t h e  s i m p l e s t  homologs
a r e
H2CO ---------- ► CH3 CH0 AI(n )  = - 0 . 6 8
HCOOH-----------► CH3COOH AI(n)  -  - 0 . 6 9
HCONH2 ----------------CH3 CONH2 A I (n )  = - 0 . 3 6
The s m a l l  m a g n i t u d e  o f  t h e  l a s t  v a l u e  r e l a t i v e  t o  t h e  f i r s t  
two e n t r i e s  i m m e d i a t e l y  demands e x p l a n a t i o n .  I n  f o r m a l d e h y d e /  
a c e t a l d e h y d e ,  t h e  a d i a b a t i c  and v e r t i c a l  i o n i z a t i o n  e n e r g i e s  
a r e  c o i n c i d e n t .  The v e r t i c a l  i o n i z a t i o n  e n e r g i e s  o f  f o r m i c /  
a c e t i c  a c i d s  a r e  c o i n c i d e n t  w i t h  t h e  2 nd v i b r o n i c  p e a k s  o f  
t h e  c o u p l e d  v i b r a t i o n a l  p r o g r e s s i o n  i n  t h e  - C = 0  s t r e t c h i n g  mode. 
Hence ,  t h e  AI (n )  v a l u e s  a r e  i d e n t i c a l  f o r  t h o s e  two c o u p l e s  w h e t h e r  
we u s e  v e r t i c a l  o r  a d i a b a t i c  i o n i z a t i o n  v a l u e s .  I n  f o r m a m i d e / a c e t a  
m id e ,  t h e  v e r t i c a l  e n e r g i e s  o c c u r  a t  t h e  2nd and 3rd v i b r o n i c  peaks  
r e s p e c t i v e l y ,  o f  t h e  c o u p le d  v i b r a t i o n a l  p r o g r e s s i o n  i n  t h e  
; C = 0 s t r e t c h i n g  mode. Hence ,  t h e  a d i a b a t i c  A I (n )  f o r  t h i s  
c o u p l e  d i f f e r s  f rom  t h e  v e r t i c a l  A l ( n )  by one  quan tum o f  a  ;  C = O 
s t r e t c h i n g  v i b r a t i o n .  I n  t h i s  f a s h i o n ,  we f i n d  f o r  f o r m a m i d e / a c e t a  
mide  t h a t  A I (n )  i s  - 0 . 5 5 e V ( a d i a b a t i c )  and - 0 . 3 6 e V ( v e r t i c a l ) . Hence 
t h e  a p p a r e n t  d i s c r e p a n c y  i n  t h e  above  t a b u l a t i o n  i s  r e s o l v e d  t o  
w i t h i n  t h e  e r r o r  o f  e x p e r i m e n t .  At t h e  same t i m e ,  t h i s  example  
p o i n t s  up a l i m i t a t i o n  i n t r i n s i c  t o  t h e  u se  o f  v e r t i c a l  AI (n )  
q u a n t i t i e s .
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tt- IONIZATION
S i m i l a r  c y c l e s  may be f o r m u l a t e d  f o r  I ( tt) ,  S e v e r a l  such
c y c l e s ,  a l l  p e r t i n e n t  t o  t h e  f o r m a l d e h y d e / N , N - d i m e t h y l a c e t a m i d e
,  1 1 , 1 6 , 1 7s e r i e s  ’ ’ a r e
h < 1 4 .5 ) h ( 1 4 .7 5 ) h ( 1 4 .3 0 ) _ ( 1 3 . 7 0 )
\ + 0 .2 5 \ - 0 . 4 3 \ - 0 . 6 0  \C
/
H
= o  — * '  C
/
nh2
= 0  ' ^  C = 
/  
NHCH3
















- 0 .5 0
NHCH3
- 0 . 6 0  /
N(CH ) ,
= 0
( 1 4 .1 9 ) ( 1 4 .2 0 ) ( 1 3 .7 ) ( 1 3 . 10)
Some conroent on t h e  l e f t - m o s t  c y c l e ,  w he re  o b v i o u s  d i s c r e p a n c i e s  
o c c u r ,  i s  r e q u i r e d .  These  d i s c r e p a n c i e s  a r e  a s s o c i a t e d  w i t h  t h e  
f a c t  t h a t  Lhe v e r t i c a l  i o n i z a t i o n  p o t e n t i a l s  d i f f e r  f rom  t h e  
a d i a b a t i c  i o n i z a t i o n  e n e r g i e s  by v a r y i n g  numbers  o f  v i b r a t i o n a l  
q u a n t a .  To be s p e c i f i c ,  i n  t h e  f o r m a l d e h y d e / a c e t a l d e h y d e  c o u p l e ,  
t h e  v e r t i c a l  i o n i z a t i o n  e n e r g y  o f  f o r m a l d e h y d e  o c c u r s  on t h e  
t h i r d  v i b r o n i c  p e a k ,  w h e r e a s  i n  a c e t a l d e h y d e  i t  m u s t ,  i n  o r d e r  t o  
b r i n g  t h e  v a l u e  - 0 . 3 1  i n t o  a c c o r d  w i t h  t h e  o t h e r  v a l u e s  f o r  
C - m c t h y l a t i o n ,  f a l l  on t h e  f i f t h  v i b r o n i c  p e a k .  I f  1210cm * i s  
u sed  f o r  t h e  c o u p l e d  v i b r a t i o n a l  q u a n t u m , t h i s  c o r r e c t i o n  y i e l d s
A I ( tt) = - 0 . 6 1 e V  f o r  t h e  f o r m a l d e h y d e / a c e t a l d e h y d e  c o u p l e .  I n  
a d d i t i o n ,  t h i s  same a s s e r t i o n  y i e l d s  A I( tt) = 0 .3 1 e V  f o r  t h e  
a c e t a l d e h y d e / a c e t a m i d e  c o u p l e  and rem oves  t h e  d i s c r e p a n c y  w h ic h  
e x i s t e d  w i t h  r e s p e c t  t o  t h e  f o r m a l d e h y d e / f o r m a m i d e  c o u p l e .
F i n a l l y ,  t h i s  same s u p p o s i t i o n  l e a d s  t o  a n  a d i a b a t i c  i o n i z a t i o n  
e n e r g y  o f  1 4 . 59eV f o r  I ( n )  o f  a c e t a l d e h y d e ,  a v a l u e  t h a t  i s  i n  e x ­
c e l l e n t  a g r e e m e n t  w i t h  t h e  v a l u e  1 4 . 5eV found by  G a u s s i a n  a n a l y s i s  
o f  t h e  p h o t o e l e c t r o n  s p e c t r u m .
I n  t e r m s  o f  t h e  c i t e d  c y c l e  and t h e  a n a l y s i s  j u s t  
g i v e n ,  we f i n d  t h a t A I ( n ,  CH^) f o r  C - m e t h y l a t i o n  i s  r e m a r k a b l y  
c o n s t a n t  a t  - 0 . 55eV, A I ( tt, NH,,) a t  +0.25eV, A I(tt, NHCH3) a t  
- 0 . 2 5 e V ,  A l ( n ,  N t C H ^ ^ )  a t  - 0 . 8 5 e V ,  and A I (n ,  CH^) f o r  N - m e t h y l a t i o n  
a t  a p p r o x i m a t e l y  - 0 . 55eV.
SUBSTITUENT EFFECTS
The t o t a l i t y  o f  f i l ' s ,  r e f e r r e d  t o  f o r m a l d e h y d e  a s  a 
p a r e n t  m o l e c u l e ,  a r e  l i s t e d  f o r  I ( n )  and I  (tt) i n  T a b l e  I I .  No 
AI(tTq) v a l u e s  a r e  l i s t e d  s i n c e  t h e s e  may n o t  be r e f e r r e d  t o  a 
f o r m a l d e h y d e  " p a r e n t . "  The I ( nQ) i o n i z a t i o n s  a r e ,  i n  f a c t ,  i n t r o ­
d uc e d  by t h e  s u b s t i t u e n t  g r o u p s  t h e m s e l v e s ,  i n  t h e  s e n s e  t h a t  
t h e s e  i o n i z a t i o n s  i n v o l v e  r em o v a l  o f  a n  e l e c t r o n  w h ic h  i s  h e a v i l y  
g ro u p  l o c a l i z e d .  Thus ,  i n  an  e f f o r t  t o  r e f e r  t h e  I ^ q )  i o n i z a t i o n s  
t o  the  a p p r o p r i a t e  s u b s t i t u e n t  g r o u p ,  T a b l e  I I  i n c l u d e s  a l i s t i n g  
6 I ( tTq) .  The q u a n t i t y  6 I ( t t ^ )  i s  d e f i n e d  a s  l ( nQ) f ° r  a n  HCOX
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TABLE I I .
EFFECTS OF SUBSTITUTION ON IONIZATION POTENTIALS ( i n  eV)
OF FORMALDEHYDE
S u b s t i t u e n t ,  X A t(n ) A l(n )
-H
-OH + 0 .6 3
-  -  -
- 0 . 1 0
-OCH3 + 0 .1 4 ■ - 0 .2 8
-N l^ - 0 .3 6 3 + 0 .2 5 - 0 .3 3
- c h 3 - 0 . 6 8 - 0 . 55b - 0 .3 0
-CH = CH2 - 0 .7 5
-NHCH3 - 0 .8 5 - 0 . 20 + 0 .17
- n ( c h 3) 2 - 1.12 - 0 .8 0 + 0 .3 5
See t e x t .
V e r t i c a l  i o n i z a t i o n  e n e rg y  o f  a c e ta ld e h y d e  h a s  b e e n  a d ju s t e d  by 
2 q u a n ta  t o  o b t a i n  t h i s  v a lu e  ( s e e  t e x t ) .
m o l e c u l e  m in u s  t h e  l o w e s t  i o n i z a t i o n  e n e r g y  o f  an  HX m o l e c u l e ,  
b o t h  e n e r g i e s  b e i n g  v e r t i c a l .  Thus ,  t h e  number l i s t e d  u n d e r  -NHCH^ 
f o r  61 ( n ^ )  i s  I ^ q ) f o r  HCONHCH^ m inus  t h e  v e r t i c a l  e n e r g y  o f  
t h e  f i r s t  p e s  band  o f  I n  v i e w  o f  t h e  s m a l l  v a l u e s  o f
6 I ( n ^ )  found  i n  t h i s  way,  t h e  tTq i d e n t i f i c a t i o n s  g i v e n  a p p e a r  t o  be 
r e l a t i v e l y  s e c u r e .  T h a t  i s ,  a l l  tTq p e s  b a n d s  a s s i g n e d  i n  HCOX 
m o l e c u l e s  a r e  e n e r g e t i c a l l y  v e r y  s i m i l a r  t o  t h e  l o w e s t - e n e r g y  
p e s  b a n d s  o f  r e l a t e d  HX m o l e c u l e s .  A l l  p e s  band  i d e n t i f i c a t i o n s  
f o r  HCOX m o l e c u l e s  a r e  summarized  i n  F i g u r e  2.
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F i g u r e  2 : MO e n e r g y  l e v e l s  f o r  HCOX and HX m o l e c u l e s  a s  o b t a i n e d  
f ro m  p e s  d a t a .  The num ber ing  s y s t e m  f o r  X i s  a s  f o l l o w s :  
( 1 ) ,  (CH3 ) 2 N - ;  ( 2 )  CH3NH-; ( 3 )  N H ^ ;  (4 )  CH30 - ; ( 5 )  OH-; 
and ( 6 ) CH3~.  Data  f o r  t h e  l o w e s t - e n e r g y  p e s  bands  o f  HX 
w e r e  o b t a i n e d  from t h e  f o l l o w i n g  s o u r c e s :  (CH3) 2NH and
(CH3 )NH2 ( r e f e r e n c e  1 8 ) ;  HOH, CH3OH and CH^ ( r e f e r e n c e  1 9 ) ;  
and NH3 ( r e f e r e n c e  1 0 ) .  A l l  e n e r g i e s  p l o t t e d  a r e  v e r t i c a l  
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The i o n i z a t i o n  p o t e n t i a l s  I ( n +) ,  I ( n _ ) ,  I ( tt+) and I ( n _ )  
o f  t h e  s y m m e t r i c  o ' - d i c a r b o n y l s  a r e  l i s t e d  i n  T a b l e  I I I .  The s u b ­
s t i t u e n t  e f f e c t s ,  A I ( i , X )  w e r e  e v a l u a t e d  u s i n g
A I ( i , x )  -  - 2' [ l ( i ) ,  (HCO) 2 -  I ( i ) ,  (XC0)2 1  4
T h u s ,  A I ( n + , OH) = - ^ ( 1 0 . 5 2  -  1 1 .2 0 )  +0 .34eV.  The l i s t  o f
s u b s t i t u e n t  e f f e c t s  i s  g i v e n  i n  T a b l e  IV. I o n i z a t i o n  p o t e n t i a l s  
o f  n o n - s y m m e t r i c  o ' - d i c a r b o n y l s  may be computed f rom T a b l e  IV 
u s i n g
I ( i ) , XCOCOY - I ( i ) , (HC0) 2  + A I ( i , X )  4 A l ( i , Y )  5
o r ,  e q u i v a l e n t l y ,  f rom T a b l e  I I I ,  u s i n g
I ( i ) ,  XCOCOY == U l ( i ) ,  (XCO) 2 + I ( i ) , (YC0)2 ]  6
E q u a t i o n  4 makes p o s s i b l e  t h e  e x t r a c t i o n  o f  t h e  A I ( i , X )  v a l u e s  of  
T a b l e  IV and s e r v e s  no o t h e r  p u r p o s e .
I o n i z a t i o n  p o t e n t i a l s  f o r  t h e  n o n - s y m m e t r i c  o ^ d i c a r b o n y l s ,  
a s  o b t a i n e d  f rom  T a b l e  IV,  a r e  l i s t e d  i n  T a b l e  V w he re  t h e y  a r e  
compared w i t h  t h e  e x p e r i m e n t a l  v a l u e s .  The a g r e e m e n t  o f  c a l c u l a t e d  
and e x p e r i m e n t a l  q u a n t i t i e s  i n  T a b l e  V i s  w e l l  w i t h i n  e x p e r i m e n t a l
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TABLE I I I .
VERTICAL IONIZATION POTENTIALS ( i n  eV) OF 1 SYMMETRIC" 
o' - d ic a r b o n y l s .
molecule K n +) l ( n _ ) K " _ ) I ( n +)
HCOCOH® 1 0 .5 2 1 2 .1 9 1 3 .8 5 1 5 .8 8
CH3COCOCH3 9 .5 5 1 1 .4 6 1 3 .2 0 1 4 .7 3
H2NCOCONR2 9 .8 0 1 1 .7 2 1 3 .3 9 1 6 .1 5
HOCOCOOH 11.20 1 3 .2 5 1 4 .4 0 1 6 .6 2
CH3OCOCOOCH3 1 0 .3 6 1 1 .7 4 1 3 .4 8 1 6 .3 8
C2H5OCOCOOC2H5 1 0 .1 9 1 1 .4 1 1 3 .1 9 1 6 .3 0
CH3NHCOCONHCH3 9 .3 3 11.20 1 2 .4 2 -----
( c h 3) 2n c o c o n (c h 3) 2 9 .0 2 1 0 .4 9 1 2 .3 2 -----
CiCOCOCi 1 1 .2 6 ----- _ _ _ a* —
a 10The a s s ig n m e n ts  q u o te d  f o r  g ly o x a l  a r e  from  T u rn e r  e t  a l . A ll
14o th e r  a s s ig n m e n ts  i n  t h i s  t a b l e  w i l l  be d i s c u s s e d  e ls e w h e r e .
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TABLE IV.
EFFECTS OF SUBSTITUTION ON IONIZATION POTENTIALS ( i n  eV) OF
GLYOXAL.
S u b s t i t u e n t  X AI (n  ,X) AI(n_ ,X)  A I ( t t _ , X )  AI(n  X)
H ---- ---- ---- ----
C£ +0.37 — ---- ----
OH +0 .34 + 0 .5 3 + 0 .2 8 +0 .37
ogh 3 - 0 . 0 8 - 0 . 2 2 - 0 .  34 +0.2  5
o c 2 h 5 - 0 . 1 6 - 0 . 3 9 - 0 . 6 1 +0 . 2 1
n h 2 - 0 . 3 6 - 0 . 2 4 - 0 . 2 3 + 0 .1 4
CH3 - 0 . 4 8 - 0 . 3 6 1 o * ro - 0 .  58
NHCH3 - 0 . 6 0 - 0 .  50 - 0 . 7 1 ----
n ( c h 3 ) 2 1 • <s/l o - 0 . 8 5 - 0 . 7 6 ----
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TABLE V.
EXPERIMENTAL AND CALCULATED IONIZATION POTENTIALS ( I n  eV) OF
NON-SYMMETRIC cv-DICARBONYLS
MOLECULE ORIGIN I ( n h) I ( n _ ) M 1 I ( n .)*T
CH„C0C00H Ca l c . 1 0 .3 8 12 .36 13 .81 15.67J E x p t . 10 .42 12.31 1 3 .7 9 15 .64
CH^COCOOCH^ C a l c . 9 . 9 6 11.61 13 .19 1 5 .5 5J  J E x p t . 9 . 8 8 11 .5 6 1 3 .0 4 15 .42
CH COCONH C a l c . 9 . 6 8 11 .5 9 1 3 .3 0 1 5 .4 4J I E x p t . 9 .71 11 .48 13 .01 15. 54
HOCOCONH- C a l c . 10 .5 0 12 .48 1 3 .9 0 16. 39
Z
E x p t . 10. 51 12 .40 14 .21 1 6 .4 0
C„H,OCOCONH. C a l c . 1 0 . 0 0 11 .5 6 1 3 .0 0 16 .2 2
1 5  I E x p t . 9 . 8 5 1 1 .7 3 1 3 .1 5 -----
C„H„0C0C0C2 C a l c . 10 .7 3 ---- , ----- -----2 J E x p t . 10 .77 ----- ----- -----
C0H OCOCON(CH-) „ C a l c . 3 8 . 86 1.0.95 ----- -----
Z S J E x p t . 9 .31 11 .09 — — - — — -
a T h i s  m o l e c u l e i s  t w i s t e d ( i . e . , 0 ' 90° )  a s i s  t h e  sym m etr ic
(CH3 ) 2 NCOCON(CH3 ) 2 e n t i t y o f  T a b l e I I I  f rom w hich  t h e - n ( c u 3 ) 2
s u b s t i t u e n t  e f f e c t  o f  T a b l e  IV i s o b ta  i n e d . S in c e  t h e s e  a r e  t h e
o n l y  two m o l e c u l e s  o f  T a b l e  I I I  and V which  a r e  s e v e r e l y  t w i s t e d ,  
i t  i s  not  i m p r o b a b l e  t h a t  t h e  d i s c r e p a n c y  b e tw e en  I ( n , ) ,  c a l c u l a t e d*T
and e x p e r i m e n t a l ,  f o r  C2 H3OCOCON(CH3) i n  T a b l e  V i s  a r e s u l t  of  
t h e s e  n o n - p l a n a r i t i e s .  I n  t u r n ,  t h i s  d i s c r e p a n c y  may im p ly  t h a t  con-  
j u g a t i v c  e f f e c t s  on I ( n  ) ,  w h i l e  s m a l l ,  a r e  not  n e g l i g i b l e .
e r r o r  i n  a l l  i n s t a n c e s  e x c e p t  o n e .  The s o l e  e x c e p t i o n  i s  l ( n +) o f
C „ H _ O C O C O N ( C H „ ) t h i s  e x c e p t i o n  i s  n o t e w o r t h y  b e c a u s e  
2 5 j  2
t h i s  i s  t h e  o n l y  compound i n  T a b l e  V f o r  w h i c h  t h e  d i c a r b o n y l  
d i h e d r a l  ang le^  i s  0  «  0 «  180°  and f o r  w h i c h  o u r  a d d i t i v e  a p p r o a c h  
i s  c l e a r l y  i n v a l i d  anyway.  T a b l e  V c o n f i r m s  b o t h  t h e  
a d d i t i v e  A I ( i )  a p p r o a c h  and t h e  c o r r e l a t i o n  o f  l e v e l s  l i s t e d  u n d e r  
a g i v e n  I ( i ) .  I t  must  be e m p h a s i z e d ,  how ever ,  t h a t  t h e  i  a s s i g n ­
m e n t s  w h i c h  have  b e e n  made r e q u i r e  s p e c i f i c  i d e n t i f i c a t i o n s  
( i . e . ,  i  = n , n , tt o r  1  ) f o r  one compound,  p r e f e r a b l y
*r “  -f “
t h e  p a r e n t  m o l e c u l e  g l y o x a l .  Such i d e n t i f i c a t i o n s ,  f o r t u n a t e l y ,
-11 K1 10a r e  a v a i l a b l e .
T a b l e  IV, and T a b l e  I I ,  p o i n t s  up t h e  l a r g e l y  i n ­
d u c t i v e  n a t u r e  o f  t h e  e f f e c t s  b e i n g  s t u d i e d :  The b e t t e r  d o n o r s
p r o d u c e  l a r g e  n e g a t i v e  A l ' s ;  t h e  b e t t e r  a c c e p t o r s  p r o d u c e  s m a l l  
p o s i t i v e  A l ' s ;  and t h e  o v e r - a l l  o r d e r  o f  AI a g r e e s  w i t h  o r d i n a r y  
c h e m i c a l  n o t i o n s  of  d o n o r - a c c e p t o r  c h a r a c t e r .  The o r d e r  o f  
s u b s t i t u e n t  e f f e c t s  i s  i d e n t i c a l  i n  b o t h  T a b l e s  IV and I I ,  i m p l y i n g  
t h a t  i d e n t i f i c a t i o n s  i n  t h e  m o n o c a r b o n y l s  may, i n  many c a s e s ,  
be  u s e d  t o  c l a s s i f y  n / n  t y p e s  i n  t h e  v - d i c a r b o n y l s .  The AI 
v a l u e s  a l s o  t e n d  t o  be l a r g e r  f o r  n MO's t h a n  f o r  n MO's. Thus,  
t h e  e n u m e r a t e d  AI e f f e c t s  a p p e a r  t o  be l a r g e l y  i n d u c t i v e .  As a 
r e s u l t ,  and i n  v i e w  o f  t h e  f a c t  t h a t  t h e  r a t i o  A l ( i , X )  i s ,  i n
m o s t  i n s t a n c e s ,  n o t  l a r g e r  t h a n  5% of  I ( i ) ,  t h e  a p p r o x i m a t e
20v a l i d i t y  o f  a p e r t u r b a t i o n  t h e o r y  a p p r o a c h  i s  a s s u r e d .  T h i s ,  
we b e l i e v e ,  p r o v i d e s  t h e  r a t i o n a l e  f o r  t h e  a d d i t i v i t y  r e g u l a r i t i e s
w h i c h  h a v e  b e e n  o b s e r v e d .
To s u p p o s e  t h a t  c o n j u g a t i v e  i n t e r a c t i o n s  a r e  e n t i r e l y  
n e g l i g i b l e  would  be w r o n g ;  c o n j u g a t i v e  e f f e c t s  must  be  h e l d  
r e s p o n s i b l e  f o r  t h e  o p p o s i t e  v a l u e s  o f  AI(tt̂ _) f ound  i n  many 
i n s t a n c e s .  Such e f f e c t s  a r e  u n d o u b t e d l y  r e l a t e d  t o  o v e r l a p  d e n ­
s i t i e s  i n  t h e  -*X-C^ r e g i o n s ,  d e n s i t i e s  w h ic h  a r e  a s s u r e d l y  
d e t e r m i n e d  by t h e  n o d a l  d i f f e r e n c e s  o f  t h e  -  MO's o f  TT-type.
COMPUTATIONAL RESULTS
The r e s u l t s  o f  CNDO/s c o m p u t a t i o n s  f o r  v a r i o u s  a m id e s  
a r e  g i v e n  i n  F i g u r e  3.
COMPUTED A l ' s
As s e e n  i n  F i g u r e  3, t h e  n and  tTq  e n e r g i e s  behave  q u i t e  
d i f f e r e n t l y  w i t h  r e s p e c t  t o  t h e  two t y p e s  o f  m e t h y l a t i o n ,  N- and 
C - .  I n  f a c t ,  f o r  t h e  m o n o c a r b o n y l s ,  t h e  v a l u e s  o f  A I ( i , X ) ,  where
A I ( i , X )  [ A l ( i , X )  + A I ( i , N X ) ] /  (N + 1) 7
a r e
CNDO/s E x p t .
A I ( n ,  CH3 on N) 
A I ( n ,  CH^ on C) 
A I (n  CH3 on N)
A I ( n  CH on C)
3
- 0 . 5 2
- 0 . 0 3
- 0 . 2 9
0 . 12
- 0 . 3 5
- 0 . 6 3
- 0 . 2 7
- 0 . 1 8
The a g r e e m e n t  w i t l i  t h e  e x p e r i m e n t a l  v a l u e s ,  n o t  o n l y  w i t h  r e g a r d  
t o  o r d e r  b u t  e ven  w i t h  r e s p e c t  t o  m a g n i t u d e s ,  i s  e x c e l l e n t .  The 
r e s u l t s  s u p p o r t  t h e  a d d i t i v i t y  a t t i t u d e s .
F i g u r e  3: MO e n e r g i e s ,  a s  o b t a i n e d  by a CNDO/s c o m p u t a t i o n a l  scheme,
f o r  v a r i o u s  a m i d e s .  The u p p e r  tt MO ( o r ,  i n  u r e a ,  MO's)
r e f e r s  t o  a rr-MO h e a v i l y  l o c a l i z e d  on t h e  a m i d i c  n i t r o g e n .
The b o t t o m  s e t  o f  MO's r e f e r  t o  rr-MO1 s w h i c h  a r e  l a r g e l y
"m e th y l  g r o u p "  i n  c h a r a c t e r ;  t h e  t y p e  o f  m e t h y l  g ro u p
( i . e . ,  N -m ethy l  o r  O -m e th y l )  can be d e c i d e d  by i n s p e c t i o n
o f  t h e  f i g u r e .  The g e o m e t r i c  p a r a m e t e r s  c h o s e n  w e re  t h o s e
21
f o r  t h e  g a s e o u s  m o l e c u l e s ,  e x c e p t  f o r  u r e a  f o r  w h i c h
22X - r a y  c r y s t a l l o g r a p h i c  d a t a  was u s e d .  C o m p u t a t io n s
* 23fo l l o w e d  t h e  Del H e n c - J a f f c  r o u t i n e .  The a m id e s  (C^ 
symmetry)  a r c  c o r r e l a t e d  w i t h  f o rm a ld e h y d e  and u r e a  
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F i g u r e  3 I n d i c a t e s  t h a t  t h e  n and tt MO's o f  formamide 
r e v e r s e  o r d e r  i n  N -m e th y l fo rm a m id e  and t h a t  t h i s  l a t t e r  o r d e r  i s  
r e t a i n e d  i n  N ,N - d i m e t h y l f o r m a r a i d e ,  i n  N , N - d i m e t h y l a c e t a m i d e ,  and 
i n  u r e a .  A second  r e v e r s a l  t o  t h e  o r i g i n a l  formamide  o r d e r  i s  
shown t o  o c c u r  i n  a c e t a m i d e  and i n  N - m e t h y l a c e t a m i d e .  Whether  
o r  n o t  we b e l i e v e  t h e  r e s u l t s  o f  F i g u r e  3, i t  i s  c l e a r  t h a t  t h e  
n/TTQ o r d e r  i n  N - m e thy l  fo rmamide  ( w h i c h ,  i n c i d e n t a l l y ,  i s  a l s o  t h e  
o r d e r  found by B r u n d l e  e £  c a n  n o t  be u s e d  t o  i n f e r  a
s i m i l a r  o r d e r  i n  N - m e t h y l a c e t a m i d e .  Such a n  i n f e r e n c e  h a s  been  
made.
The p r e d i c t e d  h/ tTq  o r d e r i n g s  o f  F i g u r e  3 a g r e e  w i t h  a l l  
p r e v i o u s l y  a v a i l a b l e  a s s i g n m e n t s  e x c e p t  f o r  t h e  one i n s t a n c e  o f  
N - m e t h y l a c e tn n i i d c  w h ich  w i l l  be d i s c u s s e d  l a t e r .
METHYLATION EFFECTS ON K n ^  and  l ( n )
A p l o t  o f  IC^q ) “ I ( n )  f o r  v a r i o u s  f o r m y l  and a c e t y l  
d e r i v a t i v e s  i s  g i v e n  i n  F i g u r e  4 .  The two c o r r e l a t i o n  l i n e s  a r e  
r o u g h l y  p a r a l l e l  and  e x h i b i t  a v e r t i c a l  s e p a r a t i o n  o f  ~ 0 ,1 8 e V .  
S i n c e  t h i s  v e r t i c a l  s e p a r a t i o n  a l s o  e q u a l s
[ %  CH3) -  I ( t t0 , H ) ]  -  [ I ( n ,  CH3) -  I ( n ,  H) ] ............8
w he re  s u b s t i t u t i o n  i s  on t h e  f o r m y l  c a r b o n ,  t h i s  v e r t i c a l
37
s e p a r a t i o n  can be  computed f rom  t h e  A l (n ,  CHj) and AICnjCH^) v a l u e s  
o f  T a b l e  I I .  The r e s u l t  i s  0 .1 8 e V .
F i g u r e  4 i s  e s s e n t i a l l y  i d e n t i c a l  t o  F i g u r e  7 o f  S w e i g a r t -
Turner*"^ e x c e p t  i n  two r e g a r d s :  The HCONHCH^ p o i n t  i s  t a k e n  from
17B r u n d l e  ejt a_ l . , and c o r r e s p o n d s  t o  t h e i r  B band /A  band e n e r g y  
s e p a r a t i o n ;  and t h e  CH^CONHCH^ p o i n t  i s  o b t a i n e d  by  a s s u m i n g  t h a t  
t h e  9 .68eV p e s  maximum r e p r e s e n t s  t h e  v e r t i c a l  p r o c e s s  f o r  b o t h  
t h e  n and i o n i z a t i o n s .  I n  any e v e n t ,  s i m p l e  p a r a l l e l i s m  o f  
t h e  two c u r v e s  o f  F i g u r e  4 s u p p o r t s  t h e  a s s u m p t i o n  o f  n e a r - c o i n c i -  
d e n c e  o f  t h e  v e r t i c a l  v a L u e s  o f  I ( tTq ) and I ( n )  i n  N - m e t h y l ­
a c e t a m i d e .
N-METHYLACETAMIDE
The a d d i t i v i t y  a t t i t u d e s  used  h e r e  a r e  a r e m a r k a b l e  
v i n d i c a t i o n  o f  t h e  S w e i g a r t - T u r n e r  a s s i g n m e n t s .  I n  o n l y  one i n ­
s t a n c e ,  N - m e t h y l a c e t a m i d e ,  do we f i n d  any  d i s a g r e e m e n t .  The 
a s s i g n m e n t s  made h e r e  f o r  N - m e t h y l a c e t a m i d e ,  I ( n )  -  iCn^)  -  9 .6 8 e V ,  
d i f f e r  f rom t h o s e  o f  S w e i g a r t - T u r n e r ,  I ( n )  = 9 . 8 5  and l ( n^  -  9 .68e V ,  
by o n l y  0 .1 7 e V  and t h a t  o n l y  f o r  l ( n ) .  N o n e t h e l e s s ,  i t  i s  i m p o r t a n t  
t o  d e c i d e  w h ic h  s e t  o f  a s s i g n m e n t s  i s  t h e  more r e a s o n a b l e .  Such 
a d e t e r m i n a t i o n  s h o u l d  p r o v i d e  a c r i t i c a l  t e s t  o f  a d d i t i v i t y  a t t i t u d e s .
The S w e i g a r t - T u r n e r  a s s i g n m e n t  was made f o r  two r e a s o n s :
16( i )  I t  seemed l o g i c a l  on t h e  b a s i s  o f  i n d u c t i v e  
c o n s i d e r a t i o n s .  S i n c e  the  c o n s i d e r a t i o n s  i n d u l g e d  h e r e  a r e  i n ­
d u c t i v e  a l s o ,  t h e  d i f f e r e n c e s  l i e  n o t  i n  t h e  a t t i t u d e s  b u t  i n  t h e
F i g u r e  4 :  A p l o t  o f  1 ( T T ^ - I ( n )  f o r  v a r i o u s  HCQX and CH^COX m o l e c u l e s
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m anner  o f  t h e i r  u s e .  Hence ,  f u r t h e r  d i s c u s s i o n s  a l o n g  i n d u c t i v e  
l i n e  w i l l  n o t  r e s o l v e  t h e  d i lem m a.
( i i )  I t  was t h o u g h t * ^  t h a t  t h e  I ( n ) / l ( n ^ )  o r d e r  i n  
N - m e t h y l a c e t a m i d e  s h o u l d  be  t h e  same a s  i n  N -m e th y l fo rm a m id e  
w h e re  q u i t e  s e c u r e  i d e n t i f i c a t i o n s  d i d  e x i s t  and w here  
I ( tTq ) < I ( n ) .  T h i s  s o r t  o f  a r g u m e n t ,  a s  shown a b o v e ,  i s  n o t  i n  
a g r e e m e n t  w i t h  c o m p u t a t i o n a l  CNDO/s r e s u l t s .
We now r e t u r n  t o  t h e  e x p e r i m e n t a l  b a s i s  f o r  t h e  
S w e i g a r t - T u r n e r  a s s i g n m e n t .  The l o w e s t - e n e r g y  p e s  band o f  N- 
m e t h y l a c e t a m i d e  h a s  a maximum a t  9 .68e V  and an  i n f l e c t i o n  a t  
9 .85eV .  I t  i s  c l e a r ,  on t h e  b a s i s  o f  b o t h  i n t e n s i t y  and 
c o r r e l a t i v e  a r g u m e n t s ,  t h a t  t h i s  p e s  band e n c o m p a s s e s  two i o n i ­
z a t i o n  e v e n t s .  However ,  i t  i s  n o t  o b v i o u s  t h a t  t h e s e  e v e n t s  
c o r r e s p o n d ,  r e s p e c t i v e l y ,  t o  t h e  9 .6 8 ( m a x )  and 9 . 8 5 ( i n f l . ) e V  
f e a t u r e s .  I n  f a c t ,  s i n c e  t h e  s e p a r a t i o n  o f  t h e  two f e a t u r e s  i s  
1452cm \  iL i s  e q u a l l y  l o g i c a l  t o  s u p p o s e  t h a t  t h e  i n f l e c t i o n  
i s  o f  v i b r o n i c  n a t u r e  ( i . e . ,  a C - 0 s t r e t c h i n g  q u a n tu m ) .  I n d e e d ,  
s i n c e  t h e  h a l f - w i d t h  o f  t h i s  b a n d ,  ~ 0 .7 e V ,  i s  f u l l y  a s  s m a l l  as  
t h a t  f o r  m o l e c u l e s  i n  w h i c h  t h e  I ( n )  band i s  t o t a l l y  r e s o l v e d  
(~ 0 .6 e V  i n  CH^COOH, ~ 0 .5 e V  i n  HCOOH), i t  i s  e q u a l l y  s e n s i b l e  t o  
assume t h a t  t h e  n and tt̂  v e r t i c a l  i o n i z a t i o n s  b o t h  l i e  a t  t h e  
maximum ( i . e . ,  a t  9 . 6 8 e V ) .
I n  sum, we f e e l  f r e e  t o  r e a s s i g n  t h e  I ( n )  and 
e n e r g i e s  i n  N - m c t h y l n c e t n m i d e .  We do  n o t  c l a i m  t h a t  o u r  r e ­
a s s i g n m e n t  i s  c o r r e c t  ; ou r  o n l y  c o n t e n t i o n  i s  t h a t  ou r  r e v e r s a l
o f  t h e  S w e i g a r t - T u r n e r  o r d e r  i n  t h i s  compound i s  e n t i r e l y  con­
s i s t e n t  w i t h  t h e  a v a i l a b l e  e x p e r i m e n t a l  and c o m p u t a t i o n a l  d a t a ,  
a n d ,  a d d i t i o n a l l y ,  t h a t  i t  i s  r e q u i r e d  by  t h e  a c c u r a c y  we im pu te  
t o  a d d i t i v i t y  a r g u m e n t s .
CONCLUSION
S u b s t i t u e n t  a d d i t i v i t y  a r g u m e n t s  w h i c h  a r e  somewhat  s i m i l a r
t o  t h o s e  p r o d u c e d  h e r e  h a v e  b e e n  d i s c u s s e d  by a few o t h e r  a u t h o r s ;
24 25
t h e s e  a r e :  Sus tmann and S c h u b e r t ,  Hashm al l  and H e i l b r o n n e r ,  and
2 6J o h n s t o n e  and M e l lo n .  However ,  t h e  m o l e c u l e s  o f  i n t e r e s t  t o  
2 ^ 2 r 26t h e s e  a u t h o r s  ’ ’ w e r e  q u i t e  d i f f e r e n t  f rom  t h o s e  c o n s i d e r e d
h e r e  a n d ,  a d d i t i o n a l l y ,  t h e  a d d i t i v i t y  a l g o r i t h m  was n o t  used  
f o r  a s s i g n m e n t  p u r p o s e s .  S in c e  we w i l l  v a l i d a t e  many o f  o u r  a s s i g n ­
m e n t s ,  by i n d e p e n d e n t  m eans ,  i n  t h e  f o r t h c o m i n g  c h a p t e r s ,  we c on ­
c l u d e  t h a t  t h e  a d d i t i v i t y  a p p r o a c h  i n t r o d u c e d  h e r e  i s  a v a l i d  and 
v i a b l e  c o r r e l a t i v e  t o o l  f o r  pe s  a s s i g n m e n t s .  However , a s  w i t h  
a l l  c o r r e l a t i v e  a l g o r i t h m s ,  i t  m u s t  be u se d  c a r e f u l l y .
T h i s  l a t t e r  c a u t i o n  s h o u ld  be  o b v i o u s  f rom t h e  t e x t u a l  
d i s c u s s i o n .  I n  o r d e r  t o  be s p e c i f i c ,  ho w e v e r ,  i t  i s  c l e a r  Lliat 
o n l y  t h e  u s e  o f  a d i a b a t i c  i o n i z a t i o n  e n e r g i e s  h a s  any  t h e o r e t i c a l  
m e a n in g .  The v e r t i c a l  i o n i z a t i o n  e n e r g i e s  d i f f e r  f rom t h e  
a d i a b a t i c  v a l u e s  by v a r y i n g  numbers  o f  v i b r a t i o n a l  q u a n t a  and u n l e s s  
t h e s e  a r e  known, t h e  A I ( i )  r e s u l t s  may be w h o l l y  m i s l e a d i n g .  Un­
f o r t u n a t e l y ,  t h e  a d i a b a t i c  v a l u e s  a r e  r a r e l y  known e x p e r i m e n t a l l y  
and must  be o b t a i n e d  by G a u s s i a n  r e s o l u t i o n  o r  o t h e r  i n f e r e n t i a l  
t e c h n i q u e s .  Thus ,  s i n c e  t h e  d i r e c t  e x p e r i m e n t a l  r e s u l t s  a r e  
u sua  l l y  o f  v e r t i c a l  n a t u r e ,  one i s  f o r c e d  t o  make u se  o f  t h e s e
q u a n t i t i e s .  I t  i s  t h o u g h t  t h a t  t h i s  w ork  d e m o n s t r a t e s  t h e  l o g i c a l  
u s e  o f  t h e s e  q u a n t i t i e s  a n d ,  on t h e  b a s i s  o f  them ,  makes u s e f u l  
c o r r e l a t i v e  a r g u m e n t s  r e l a t i n g  t o  c a t i o n i c  s t a t e  i d e n t i f i c a t i o n s .
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The :C = 0 ,  o r  c a r b o n y l  group,  i s  one o f  t h e  more i m p o r t a n t
1 2 f u n c t i o n a l  e n t i t i e s  i n  b o t h  o r g a n i c  c h e m i s t r y  and b i o c h e m i s t r y .
T h i s  i m p o r t a n c e  e x t e n d s  t o  Q ' - d i c a r b o n y l  s y s t e m s .  These  s y s t e m s
a r e  u s e f u l  i n  p r e p a r a t i v e  c h e m i s t r y ;  t h e y  o c c u r  commonly i n
3
b i o l o g i c a l  s y s t e m s ;  and t h e y  have  r e c e n t l y  b e e n  a d v a n c e d  a s  chemo­
t h e r a p e u t i c  a g e n t s  f o r  c a n c e r .
As a  r e s u l t ,  t h e  e l e c t r o n i c  s t r u c t u r e  o f  a - d i c a r b o n y l  
s y s t e m s  i s  o f  c o n s i d e r a b l e  i n t e r e s t  and much w o r k ,  b o t h  t h e o r e t i c a l  
and e x p e r i m e n t a l ,  h a s  b e e n  d e v o t e d  t o  them .  U n f o r t u n a t e l y ,  a l m o s t
a l l  o f  t h i s  work h a s  b e e n  o f  a s t a n d a r d  e l e c t r o n i c  p h o t o n - e m i s s i o n
4 5
and - a b s o r p t i o n  ty p e ,  ’ and i t  h a s  n o t  l e d  t o  any  f i n a l  r e s o l u t i o n  
o f  a number o f  i m p o r t a n t  q u e s t i o n s .  These  q u e s t i o n s  r e l a t e  t o :
( i )  C i r c u l a r  d i c h r o i s m  o f  and  c h i r a l i t y  i n  t h e  
c v - d i k e t o n e s ^
( i i )  The n a t u r e  o f  t h e  l o w - e n e r g y  e x c i t e d  s t a t e s  o f  t h e  
c v - d i c a r b o n y l s ^
g
( i i i )  The u n i q u e  e m i s s i o n  p r o p e r t i e s  o f  t h e  y - d i c a r b o n y l s
( i v )  The m o l e c u l a r  o r b i t a l  e n e r g y - l e v e l  d i a g r a m  p e r t i n e n t
9
t o  t h e  v a r i o u s  e l e c t r o n i c  s t a t e s .
P h o t o e l e c t r o n  s p e c t r o s c o p y  ( p e s )  can  p r o v i d e  i n f o r m a t i o n  on q u e s t i o n
( i v ) ,  a t  l e a s t  f o r  t h e  g ro u n d  s t a t e .  W hi le  p e s  p r o v i d e s  no  d i r e c t  
a n s w e r s  t o  q u e s t i o n s  ( i )  - ( i i i ) ,  i t  s h o u ld  g e n e r a t e  i n f o r m a t i o n  w h ic h
m ig h t  e l i m i n a t e  v a r i o u s  s p e c u l a t i v e  p o s s i b i l i t i e s  c o n c e r n i n g  a l l  o f  
t h em .  Hence ,  t h e  p u r p o s e  o f  t h i s  w ork  i s  t o  p r o v i d e  p e s  d a t a  f o r  
some k e y  Q - d i c a r b o n y l  compounds.
The f o c u s  o f  t h i s  work  i s  on t h e  m o l e c u l e s  oxamide and 
oxamic  a c i d .  The p e s  o f  t h e  m o n o ca rb o n y l  a n a l o g u e s ,  f o r m i c  a c i d ^  
and  f o r m a m i d e ^  a r e  a v a i l a b l e  b u t  no d a t a  a r e  a v a i l a b l e  on t h e i r  Q ' -  
d i c a r b o n y l  c o u n t e r p a r t s .  A d d i t i o n a l l y ,  i n  t h e  c o r r e l a t i v e  e f f o r t s  
w h i c h  we u n d e r t o o k  i n  o r d e r  t o  r e l a t e  t h e  o n e - e l e c t r o n  l e v e l s  o f  
t h e s e  m o l e c u l e s ,  i t  seemed t h a t  u r e a  o c c u p i e d  a n  i m p o r t a n t  s l o t  i n  
t h e  h i e r a r c h y  HCOtfl^ -* H^NCONH^ “* ^ N C O C O N ^.  Hence,  t h i s  work i s  
a l s o  c o n c e r n e d  w i t h  t h e  p e s  o f  u r e a  and i t s  i n t e r p r e t a t i o n .
The d i s c u s s i o n  o f  o x a l i c  a c i d  g i v e n  h e r e  i s  b r i e f  and r e p ­
r e s e n t s  no more t h a n  t h e  p r e s e n t a t i o n  o f  an  e n e r g y  l e v e l  d i a g r a m  d e ­
duced  f rom  more d e t a i l e d  s t u d i e s ;  t h e s e  s t u d i e s  w i l l  be p r e s e n t e d  
i n  a f o l l o w i n g  p a p e r .  I n d e e d ,  t h e  d i s c u s s i o n  o f  o x a l i c  a c i d  g i v e n  
h e r e  i s  p e r t i n e n t  o n l y  t o  t h e  c o r r e l a t i v e  e f f o r t  by w h i c h  we s e e k  
t o  i d e n t i f y  t h e  o n e - e l e c t r o n  l e v e l s  o f  oxamic  a c i d  i n  t e r m s  o f  t h o s e  
f o r  oxamide and o x a l i c  a c i d .
EXPERIMENTAL AND COMPUTATIONAL
Pes  s p e c t r a  w e re  r e c o r d e d  on a P e r k i n - E l m e r  Model PS-18
p h o t o e l e c t r o n  s p e c t r o m e t e r  w i t h  a 1 0 -cm r a d i u s  c y l i n d r i c a l
e l e c t r o s t a t i c  f i e l d  d e f l e c t i o n  a n a l y z e r ,  A B e nd ix  " C h a n n e l t r o n "
E l e c t r o n i c  M u l t i p l i e r  (Model  CEM-4028) was u sed  a s  a d e t e c t o r .
The i o n i z a t i o n  e n e r g y  was p r o v i d e d  by t h e  584^ ( 2 1 .2 2 eV )  He I
r e s o n a n c e  l i n e .  S o l i d  s a m p le s  w e r e  s u b l im e d  i n  a h e a t e d  p r o b e ,
t h e  t e m p e r a t u r e  o f  w h i c h  was a d j u s t e d  f o r  maximum c o u n t  r a t e .  The
r a n g e  o f  t e m p e r a t u r e s  used  f o r  s o l i d  s a m p le s  was 72° t o  119°C.
S p e c t r a  w e r e  c a l i b r a t e d  w i t h  r e g a r d  t o  b o t h  e n e r g y  and  r e s o l u t i o n  
2 2u s i n g  t h e  P ^  and l i n e s  o f  xen o n ;  t h e  r e s o l u t i o n  was
i n  t h e  r a n g e  20-25meV.
Oxamide (MCB), oxamic  a c i d  (MCB) and o x a l i c  a c i d  ( B a k e r )
were p u r i f i e d  by r e c r y s t a l l i z a t i o n  f rom  w a t e r .  Urea ( B a k e r
R e a g e n t  g r a d e )  was used  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
S e m i - e m p i r i c a l  CNDO/s-CI c a l c u l a t i o n s ^  w e r e  c a r r i e d  o u t
f o r  f o r m a l d e h y d e ,  f o rm a m id e ,  u r e a ,  ox a m id e ,  o x a l i c  a c i d  and oxamic
12a c i d  i n  g e o m e t r i e s  a p p r o p r i a t e  t o  t h e i r  g round  s t a t e s .  The MO 
n o t a t i o n  u sed  ha s  b e e n  d i s c u s s e d  p r e v i o u s l y ^  and  i s  q u i t e  s t r a i g h t ­
f o r w a r d .  The MO's o f  a m o n oca rbony l  s u c h  a s  HCONll^ a r e  l a b e l e d  
n ,  tt and tTq . They have  t h e  f o l l o w i n g  s i g n i f i c a n c e :  n  i s  a n o n ­
bo n d in g  a  MO w i t h  d o m in a n t  a m p l i t u d e  on t h e  c a r b o n y l  o x y g e n ;  n  i s  
t h e  tr-MO o f  t h e  c a r b o n y l  g r o u p  i n  I^CO, a p p r o p r i a t e l y  d e l o c a l i z e d  t o
em brace  t h e  n i t r o g e n  c e n t e r  i n  fo rm a m id e ;  and i s  a n-MO w i t h  l a r g e  
a m p l i t u d e  on t h e  amine  g r o u p .  I n  a s y m m e t r i c  d i c a r b o n y l  s u c h  a s  o x a ­
m id e ,  t h e  MO n o t a t i o n  i s  e x p a n d e d ,  i n  a q u i t e  o b v i o u s  way ,  t o  
n  , n  , tt , tt , tt and  tt_ ,  w h e re  t h e  e x t r a  + / -  s u b s c r i p t s  d e n o t e  
b o n d i n g / a n t i b o n d i n g  c o m b i n a t i o n s  o f  t h e  c o n s t i t u e n t  fo rmamide  MO's. T h i s  
l a t t e r  n o t a t i o n  i s  i n e x a c t  i n  t h e  c a s e  o f  u n s y m m e t r i c a l  d i c a r b o n y l s  
such  a s  oxamic  a c i d  b u t ,  f o r  w a n t  o f  a b e t t e r ,  i s  u se d  h e r e .  I n  t h e  
c a s e  o f  u r e a  w h i c h  may be s u p p o s ed  t o  c o n s i s t  o f  two amide g r o u p s  
- -  t h e  s i n g l e  c a r b o n y l  e n t i t y  d o i n g  d o u b l e  d u t y  — t h e  a p p r o p r i a t e  
n o t a t i o n  becomes  n ,  tt,  tt and  tt and  s h o u ld  c a u s e  no  c o n f u s i o n .
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A l l  p e s  s p e c t r a  a r e  s u p p o s e d  t o  c o n s i s t  o f  s im p l e  one- 
e l e c t r o n  i o n i z a t i o n  e v e n t s  and a r e  s o  i n t e r p r e t e d .  I n  t h e  c a s e  of  
oxam ide ,  s e v e r a l  o f  t h e  p e s  bands  e x h i b i t  r e s o l v a b l e  f i n e  s t r u c t u r e  
w h i c h  i s  a t t r i b u t e d  t o  v i b r a t i o n a l  e x c i t a t i o n  o f  t h e  i o n .  On t h e  
o t h e r  h a n d ,  many o f  t h e  ba nds  e x h i b i t  no s t r u c t u r e  and  m u s t ,  on t h e  
b a s i s  o f  r e l a t i v e  p h o t o n  c r o s s - s e c t i o n s ,  be a d j u d g e d  t o  e m brace  two 
o r  more e l e c t r o n  i o n i z a t i o n  e v e n t s .
RESULTS
MONOCARBONYLS
The p e s  s p e c t r u m  o f  u r e a  i s  shown i n  F i g u r e  1 .  I t  e x h i b i t s  
f o u r  d i f f u s e  b a n d s ,  t h e  l o w e s t - e n e r g y  o f  w h i c h ,  on t h e  b a s i s  o f  r e l ­
a t i v e  i n t e n s i t y ,  must  c o n t a i n  t h r e e  s e p a r a t e  e l e c t r o n  i o n i z a t i o n  e v e n t s .  
We s u p p o s e  t h a t  t h e s e  t h r e e  e v e n t s  p r o d u c e  t h e  f e a t u r e s  a t  1 0 .1 5 ,
1 0 . 5  and 1 0 .8 e V .  The s e c o n d  o f  t h e s e  f e a t u r e s ,  t h e  10 ,5eV r e g i o n ,  
a p p e a r s  t o  e x h i b i t  a s u b s t r u c t u r e  w i t h  an ~1400cm ^ i n t e r v a l .  I f  
t h i s  i n f e r e n c e  be  c o r r e c t ,  we may s u p p o s e  t h i s  1400cm  ̂ i n t e r v a l  t o  
c o r r e s p o n d  t o  a C-0 s t r e t c h i n g  f r e q u e n c y  o f  t h e  i o n  a n d ,  t h u s ,  may 
i d e n t i f y  t h e  c o r r e s p o n d i n g  i o n i z a t i o n  a s  t h a t  f rom an  n-MO. The 
t o t a l  i n f o r m a t i o n  i n t r i n s i c  t o  t h e  s p e c t r u m  o f  F i g u r e  I i s  t h a t  t h e  
u r e a  m o l e c u l e  e x h i b i t s  s i x  i o n i z a t i o n  e v e n t s  below 18eV, t h a t  t h e s e  
a r e  c lumped i n t o  two g r o u p s  o f  t h r e e ,  and t h a t  t h e  second  l o w e s t -  
e n e r g y  band  may be t h e  n - i o n i z a t i o n .  The e x p e r i m e n t a l  d a t a  f o r  u r e a  
a r e  t a b u l a t e d  i n  T a b le  I .
The r e s u l t s  o f  CNDO/s c o m p u t a t i o n s  f o r  I^CO, HCONH^ and 
I^NCONH^ a r e  g i v e n  i n  F i g u r e  2, w he re  t h e y  a r e  c o r r e l a t e d  on t h e  
b a s i s  o f  MO w a v e f u n c t i o n  a n a l o g i e s  and a r c  compared w i t h  t h e  e x p e r i m e n t a l  
c o r r e l a t i o n  d i a g r a m .  I t  seems c l e a r  t h a t  t h e  CNDO/s r e s u l t s  r e p r o ­
duce  t h e  e x p e r i m e n t a l  d a t a  r e m a r k a b l y  w e l l  f o r  u r e a  and t h a t  t h e  
CNDO/s c o r r e l a t i o n  d i a g r a m  i s  a s a t i s f a c t o r y  mimic o f  t h e  e x p e r i m e n t a l  
one ,  p a r t i c u l a r l y  a t  l o w e r  b i n d i n g  e n e r g i e s .
TABLE I .
IONIZATION POTENTIALS OF UREA AND r»-DICARBONYLS ( I n  eV)3 .
I P ( D IP (2 ) IP  (3) IP<4) IP (5 ) IP (6 ) IF (7 ) IP (8) IP (9 ) IP (10 ) I P ( l l )
UREA 10.15 10 .5 1 0 .8 1 4 .5 1 5 .9 17.7
(Hj NCONHj )




OXAMIDE 9.41(A ) 1 0 . 50(A,V) 11.04(A ,V ) 11.52(A) 13.26(A) 14.33(A) 1 4 . 90(A,V) 1 5 .70 1 6 .15 17.80 18.70
(h2ncoconh2 ) 9 . 80(V) 11.72(V) 1 3 . 39(V) 1 4 . 50{V)
' v l b 440cm
1620cm '1




e TT e n
TT a a a T I + a 0
OXAMIC ACID 10.51 1 1 .2 4 12 .40 12 .40 1 4 . 2L 14.54 15 .85 16 .46 1 7 .8 5 19 .29
(HjNCOCOOH)
MO TYPE n+ TTe n TT a C r f + c a
OXALIC ACID 1 1 .2 0 12.81 1 3 .2 5 1 3 .25 14 .40 15.59 16.62 17 .34 1 8 .4 1 (? )
(HOCOCOOH)
MO TYPE n+ t te
TT TT 1 TT 3
The n o t a t i o n  (A) f o l lo w in g  an i o n i z a t i o n  e n e rg y  d e n o t e s  an  a d i a b a t i c  e v e n t ;  t h e  n o t a t i o n  (V) d e n o te s  a v e r t i c a l  e v e n t .  The e n e r g i e s  q uo ted  in  cm u nder  ^ ^  
d e n o te  coup led  v i b r a t i o n a l  e n e r g i e s  o f  th e  i o n .
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0 =  0a>
F i g u r e  2 :  C o m p u t a t i o n a l  CNDO/s and e x p e r i m e n t a l  MO c o r r e l a t i o n  d i a ­
grams f o r  t h e  f o r m a l d e h y d e ,  fo rm amide  and u r e a  m o l e c u l e s .  
The c o m p a r i s o n  o f  t h e s e  two c o r r e l a t i o n  d i a g r a m s ,  a s  a l s o  
t h e  t e x t u a l  l a n g u a g e ,  i m p l i e s  t h e  use o f  Koopmans '  t h e o r e m .  
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The e x p e r i m e n t a l  d a t a  used  i n  c o n s t r u c t i o n  o f  F i g u r e  2 a r e
14t a k e n ,  f o r  ^ C O ,  f rom  T u r n e r  e t  a l . a n d ,  f o r  HCONI^, f rom  B r u n d le  
e t  a l . ^  The a s s i g n m e n t s  made by t h e s e  a u t h o r s  a r e  u se d  w i t h o u t  change  
and  a r e ,  i n  o u r  o p i n i o n ,  s u s p e c t  i n  o n l y  one r e g a r d :  The 14 .2 eV (tt)
and 14 .75eV  ( a )  a s s i g n m e n t s  o f  formamide m ig h t  w e l l  be i n v e r t e d  [ i . e . ,
14 .2eV  ( a )  and 14 .75eV ( n ) ] s i n c e  such  a n  i n v e r s i o n  would i n  no  way coun 
t e r  t h e  e x p e r i m e n t a l  f a c t s .  The s a l i e n t  p r e d i c t i o n s  c o n c e r n i n g  u r e a  a r e  
t h a t  t h e  tt i o n i z a t i o n  o f  HCONH s h o u l d  s p l i t  i n t o  two ,  tt and tt^  
t h a t  t h e  n /rr^  i o n i z a t i o n  o r d e r  i n  HCONH^ s h o u ld  i n v e r t  i n  u r e a  
[ i . e . ,  <  I ( n ) ] ;  and t h a t  a s i m i l a r  i n v e r s i o n  s h o u l d  o c c u r  f o r
t h e  ct/ tt i o n i z a t i o n s  i n  t h e  1 5 - l6 e V  r e g i o n .  The e x p e r i m e n t a l  c o r r e ­
l a t i o n  d i a g r a m  s u g g e s t s  t h a t  a l l  o f  t h e s e  p r e d i c t i o n s  a r e  i n  a c c o r d  
w i t h  e x p e r i m e n t .
OXAMIDE
The p h o t o e l e c t r o n  s p e c t r u m  o f  oxamide i s  shown i n  F i g u r e  
3 ( a )  and e x h i b i t s  a t  l e a s t  e l e v e n  d i s t i n c t  i o n i z a t i o n  e v e n t s .  These 
a r e  t a b u l a t e d  i n  T a b l e  I  w he re  t h e y  a r e  i d e n t i f i e d  w i t h  r e s p e c t  t o  
MO o r i g i n s  u s i n g  CNDO/s and c o r r e l a t i v e  a r g u e m e n t s .  The d e t a i l s  of  
some o f  t h e  p e s  b a n d s  a r e  shown e n l a r g e d  i n  F i g u r e  4 where  a n  
a t t e m p t  a t  v i b r a t i o n a l  a n a l y s i s  i s  a l s o  i n d i c a t e d .
A c o r r e l a t i o n  d i a g r a m  b a s e d  on CNDO/s r e s u l t s  i s  shown
i n  F i g u r e  5 w here  i t  i s  compared w i t h  one b a s e d  upon e x p e r i m e n t .  The
l o w c r - c n c r g y  i o n i z a t i o n s  a r e  i n  r e m a r k a b l e  a g re e m e n t  w i t h  c o m p u t a t i o n a l
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F i g u r e  3:  P h o t o e l e c t r o n  s p e c t r a  o f  o x a m id e ,  oxamic  a c i d  and o x a l i c
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F i g u r e  4 :  D e t a i l  o f  h i g h - r e s o l u t i o n  pea o f  ox a m id e .  Band a s s i g n m e n t s
and v i b r a t i o n a l  a n a l y s e s  a r e  a l s o  i n d i c a t e d .  The c o u p le d  
v i b r a t i o n a l  f r e q u e n c i e s  a r e  Band n f [ F i g u r e  4 ( a ) 1, 440 and 
1620cm ; Band n  [ F i g u r e  4 ( b )  1, 1320cm Band n [ F i g u r e
4 ( b ) ] ,  1290cm Band n [ F i g u r e  4 ( c ) ] ,  1560cm Band n
[ F i g u r e  4 ( d ) ] ,  1 570cm Band as l4 .5 e V  [ F i g u r e  4 ( e ) ] ,



































F i g u r e  5: C o r r e l a t i o n  d i a g r a m  f o r  u r e a ,  oxamide  and fo rm amide  on t h e
b a s i s  o f  b o t h  c o m p u t a t i o n a l  and e x p e r i m e n t a l  r e s u l t s .  A l l  
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<T>
-C'
w i t h  r e s p e c t  t o  number (2 f o r  HCONH^* 3 f o r  u r e a  and 4 f o r  o x a m i d e ) ; 
w i t h  r e s p e c t  t o  e n e r g y ;  and  w i t h  r e s p e c t  t o  t h e  o r d e r  o f  o c c u r r e n c e  
o f  a s s i g n e d  t y p e s .  Agreem en t  i s  a l s o  good f o r  t h e  s e t  o f  d e e p e r  
r r - i o n i z a t i o n s ,  b u t  t h i s  l a t t e r  " g o o d n e s s "  i s  l a r g e l y  u n s u b s t a n t i a b l e .
We h a v e  a l r e a d y  m e n t io n e d  t h e  p o s s i b i l i t y  o f  a n / a  a s s i g n m e n t  r e ­
v e r s a l  i n  fo rm am ide  and we now n o t e  t h a t  t h e  14 .5eV band  c o u ld  w e l l  
be  tt w h e r e a s  an y  one o f  t h e  two b a n d s ,  1 5 .7  and 16 .15eV, c o u ld  be 
a s s i g n e d  a s  tt .T
The l a r g e  n / n  s p l i t t i n g  o f  1 .9 2eV w h i c h  o c c u r s  i n
*r “
oxamide i s  i n  a c c o r d  w i t h  c o m p u t a t i o n  w h i c h  p r e d i c t s  2 .2 5 e V .  T h i s  
s p l i t t i n g  i s  a t t r i b u t a b l e  t o  " t h r o u g h - b o n d  m i x i n g "  o f  t h e  n + and
-C -C -  a  MO's o f  oxamide and h a s  a l r e a d y  b e e n  d i s c u s s e d  by Swenson
16 17e t  a l . and Cowan e £  a l .  f o r  v a r i o u s  o t h e r  r y - d i c a r b o n y l s .
I t  i s  t h i s  m i x i n g  w h i c h  i s  r e s p o n s i b l e  f o r  t h e  e x t e n s i v e  -C-C-
a - c h a r a c t e r  o f  t h e  MO; f o r  t h e  f a c t  t h a t  t h e  v i b r a t i o n s  c o u p le d
t o  t h e  n i o n i z a t i o n  i n v o l v e ,  a t  l e a s t  i n  p a r t ,  s k e l e t a l  movement o f
p a r t s  o f  t h e  m o l e c u l e  o t h e r  t h a n  t h e  ; C  0  g roup  ( i . e . ,  t h e  440cm ^
m o d e ) ; and  f o r  t h e  F r a n c k - C o n d o n  s h a p e  o f  t h e  n^ i o n i z a t i o n  band w h ic h
i s  i n d i c a t i v e  o f  a c o n s i d e r a b l e  g e o m e t ry  change  b e tw e e n  t h e  i o n i c  s t a t e
and n o n - i o n i c  g ro u n d  s t a t e s .  The s t r u c t u r e  i n  t h e  n band i s ,  a s
*r
e x p e c t e d ,  d o m in a t e d  by two p r o g r e s s i o n s  i n  a n  ~1600cm  ̂ f r e q u e n c y ,  
w h i c h  no d o u b t  c o r r e s p o n d s  t o  a ; C = 0  s t r e t c h i n g  mode.
OXAMIC ACID
C o r r e l a t i o n  d i a g r a m s  o f  b o t h  e x p e r i m e n t a l  and c o m p u t a t i o n a l  
n a t u r e  a r e  shown i n  F i g u r e  6 . The v iew  a d o p te d  i n  t h e s e  d i a g r a m s  i s  t h a t
F i g u r e  6 : C o r r e l a t i o n  o f  e x p e r i m e n t a l  pe s  d a t a  and  c o m p u t a t i o n a l
CNDO/s MO d a t a  f o r  o x a l i c  a c i d ,  oxamic  a c i d  and oxam ide .  
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ON
oxamic  a c i d  I s  a c o m p o s i t e  o f  o x a l i c  a c i d  and o xam ide .  The e x p e r i m e n t a l
and c o m p u t a t i o n a l  d a t a  used  f o r  oxamide a r e  t a k e n  f rom  t h e  p r e v i o u s
a n a l y s i s .  The p e s  s p e c t r a  o f  o x a l i c  a c i d  and oxamic  a c i d  a r e  g i v e n
i n  F i g u r e  4 ( c )  and ( b ) , r e s p e c t i v e l y ,  and c o n s t i t u t e  t h e  d a t a  used
i n  c o n s t r u c t i n g  t h e  e x p e r i m e n t a l  p o r t i o n  o f  F i g u r e  6 . The a n a l y s i s
o f  o x a l i c  a c i d  i m p l i c i t  i n  t h e  e x p e r i m e n t a l  p o r t i o n  o f  F i g u r e  6
f o l l o w s  f rom  a n  a n a l y s i s  o f  t h e  o x a l i c  a c i d  s p e c t r u m  i n  t e r m s  o f  p e s
d a t a  f o r  f o r m i c  and c a r b o n i c  a c i d s ;  t h i s  a n a l y s i s  w i l l  be d i s c u s s e d
X 8i n  a f o l l o w i n g  p a p e r .
The e x p e r i m e n t a l  d a t a  f o r  t h e  t h r e e  d i - k e t o  a c i d s  a r e  
t a b u l a t e d  i n  T a b l e  I  where  i d e n t i f i c a t i o n s  w i t h  r e s p e c t  t o  MO o r i g i n s
a r e  t a k e n  f ro m  t h e  c o r r e l a t i o n s  o f  F i g u r e  6 . A few comments c o n ­
c e r n i n g  t h e s e  i d e n t i f i c a t i o n s  and c o r r e l a t i o n s  a r e  i n  o r d e r :
( i )  The 12 .42eV band o f  oxamic  a c i d  a p p e a r s  t o  c o n s i s t  
o f  two i o n i z a t i o n  e v e n t s .  The e v i d e n c e  f o r  t h i s  c o n s i s t s  o f  i t s  
a r e a ,  w h i c h  i s  ~ 2  t i m e s  t h a t  o f  t h e  n^ i o n i z a t i o n  e v e n t ,  and i t sT
" s k e w e d n e s s "  t o  h i g h e r  e n e r g i e s .  C o n s e q u e n t l y ,  we su p p o se  t h i s  band 
t o  c o n s i s t  o f  one o f  t h e  i o n i z a t i o n  e v e n t s  and t h e  n i o n i z a t i o n  
e v e n t .
( i i )  The o r d e r  o f  t h e  tt̂  e v e n t s  i n  oxamic a c i d  i s  i n v e r t e d  
r e l a t i v e  t o  t h e  o r d e r  i n  e i t h e r  oxamide o r  o x a l i c  a c i d .  T h e ©  
s u b s c r i p t i n g  i s  n o t  r i g o r o u s  i n  oxamic  a c i d  b e c a u s e  o f  t h e  u n s y m m e t r i c a l  
n a t u r e  o f  t h i s  a c i d .  N o n e t h e l e s s ,  t h e  n o t a t i o n  h a s  a b a s i s ,
t h o u g h  a d m i t t e d l y  a weak one ,  i n  t h e  c o m p u t a t i o n a l  d a t a  f o r  t h e  MO 
w a v e f u n c t i o n s . I n  an y  e v e n t ,  i t  i s  w e l l  t o  s t r e s s  t h a t  t h e  11.24eV 
band o f  oxamic  a c i d  i s ,  on t h e  b a s i s  o f  e n e r g y ,  h e a v i l y  i n v o l v e d  w i t h  
t h e  a m i d i c  g r o u p  o f  oxamide and t h a t  t h i s  c o n d l u s i o n  c o n c u r s  w i t h
c o m p u t a t i o n ,  w he re  t h e  tt̂  MO o f  oxamic  a c i d  i s  found  t o  h a v e  d o m in a n t  
a m p l i t u d e  on t h e  -CONl^ s i d e  o f  t h e  m o l e c u l e .  The o p p o s i t e  c o n c l u ­
s i o n  a p p l i e s  t o  t h e  12 .40eV r e g i o n  ( i . e . ,  t h e  tt̂  b a nd )  w he re  compu­
t a t i o n  and  e x p e r i m e n t  s u g g e s t  d o m in a n t  a m p l i t u d e  on t h e  -C0OH s i d e  
o f  oxamic  a c i d .
( i i i )  The n  and n p e s  ba nds  o f  oxamic  a c i d  l i e  a t  t h e
+
b a r y c e n t e r s  o f  t h e  c o r r e s p o n d i n g  n + p a i r  and  n_ p a i r ,  r e s p e c t i v e l y ,  
o f  o x a l i c  a c i d  and  o x a m id e .  T h i s  a t t i t u d e  i s  v i n d i c a t e d  compu­
t a t i o n a l l y  i n  F i g u r e  6  f o r  t h e  n b a n d s ,  b u t  n o t  f o r  t h e  n^ b a n d s .
( i v )  The i d e n t i f i c a t i o n  o f  t h e  tt i o n i z a t i o n  e v e n t s  i n*t
oxam ic  a c i d  i s  n o t  v e r y  s e c u r e .  These  i d e n t i f i c a t i o n s  a r e  l a r g e l y  
b a s e d  on b a r y c e n t e r  c o n s i d e r a t i o n s  [ i . e . ,  t t _  (oxam ic  a c i d )  = ^ tt_ 
( o x a m id e )  + 2 t t  ( o x a l i c  a c i d ) ] ;  t h i s  a t t i t u d e ,  w h i l e  c o m p u t a t i o n a l l y  
c o n s i s t e n t  f o r  t t  , i s  n o t  b o r n e  o u t  by t h e  c o m p u t a t i o n a l  d a t a  f o r
V
(v )  A l l  b a n d s  n o t  a s s i g n e d  a r e ,  by d e f a u l t ,  a t t r i b u t e d  
t o  a  i o n i z a t i o n  e v e n t s  o f  " w h o l c - m o l e c u l e "  n a t u r e .
( v i )  D e s p i t e  t h e  r e s e r v a t i o n s  i m p l i c i t  i n  comments
( i )  -  ( v ) , t h e  c o m p a r i s o n  o f  t h e  two s i d e s  o f  F i g u r e  6 i s  m a s s i v e l y  
i m p r e s s i v e  and s u b s t a n t i a t e s  t h e  a s s i g n m e n t s .
A few o t h e r  comments a l s o  a p p e a r  t o  be i n  o r d e r :
( v i i )  The o x a l i c  a c i d  i o n i z a t i o n  r e g i o n  1 2 . 8 - 1 3 . 3 e V  
a p p e a r s  t o  c o n t a i n  t h r e e  i o n i z a t i o n  e v e n t s .  F i r s t l y ,  d e s p i t e  t h e  f a c t  
t h a t  two d i s t i n c t  p e a k s  a r e  c o n t a i n e d  i n  t h i s  r e g i o n ,  t h e  I n t e g r a t e d
i n t e n s i t y  o f  t h i s  r e g i o n  i s  ~3  t i m e s  t h a t  o f  t h e  n + e v e n t .  S e c o n d l y ,  
t h e  c o m p u t a t i o n s  do p r e d i c t  t h e  o c c u r r e n c e  o f  t h r e e  s e p a r a t e  e v e n t s  
i n  t h i s  r e g i o n .  They a r e  a s s i g n e d  a s  n  , tt̂  and n_ i o n i z a t i o n  e v e n t s ,
( v i i i )  The tt / tt s p l i t t i n g  d e c r e a s e s  i n  t h e  o r d e r  oxamic  
a c i d  >  oxamide  >  o x a l i c  a c i d .  T h a t  t h e  s p l i t t i n g  i n  oxamide i s  l a r g e r  
t h a n  t h a t  i n  o x a l i c  a c i d  i s  s i m p l y  a r e s u l t  o f  t h e  h i g h e r  e l e c t r o ­
n e g a t i v i t y  o f  t h e  OH g r o u p  t h a n  t h e  NH^ g r o u p  and  t h e  c o n s e q u e n t  
l e s s e r  d e l o c n l i z a t i o n  t h a t  i s  p r e d i c t e d  t o  o c c u r  i n  o x a l i c  a c i d .  The 
l a r g e  s p l i t t i n g  o b s e r v e d  i n  oxamic  a c i d  i s  r e l a t e d  t o  t h e  f a c t  t h a t
t h e  i n d i v i d u a l  tt a n d  tt b a n d s  a r e  l a r g e l y  l o c a l i z e d  o n  i n d i v i d u a l© ©
s i d e s  o f  t h e  m o l e c u l e ,  -CONH^ and  -C0011 s i d e s  r e s p e c t i v e l y ,  and i s  
n o t  a c o n s e q u e n c e  o f  l a r g e r  r r - i n t e r a c t i o n s  a l o n g  t h e  s k e l e t a l  f r a m e ­
w o rk .
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1 2P r e v i o u s  d i s c u s s i o n  i n  t h i s  w ork  ’ h a s  b e e n  c o n c e r n e d  w i t h
p h o t o e l e c t r o n  s p e c t r a  o f  v a r i o u s  c a r b o n y l - c o n t a i n i n g  m o l e c u l e s  and
1 2
t h e i r  i n t e r p r e t a t i o n  i n  t e r m s  o f  c o m p o s i t e  m o d e l s .  * The p r e s e n t
work r e p r e s e n t s  a n  a t t e m p t  t o  c a r r y  t h e  c o m p o s i t e  m o l e c u l e  a p p r o a c h
t o  a h i g h e r  d e g r e e  o f  c o m p l e x i t y :  i t  e s s a y s  a n  i n t e r p r e t a t i o n  o f






P a r a b a n i c  a c i d  may be v iew e d  a s  a c o m p o s i t e  o f  ( i )  u r e a  and c i s -
g l y o x a l ;  ( i i )  a s i n g l e  c a r b o n y l  g r o u p  and c i s - o x a m i d e ; ( i i i )  t h r e e
2
c a r b o n y l  g r o u p s  and two sp  h y b r i d i z e d  n i t r o g e n s ;  ( i v )  two fo rm a m id es
and  one c a r b o n y l  g r o u p ;  and (v )  one  im i d e  and one  a m id e .  I t  w i l l  be
shown t h a t  t h e  c o m p o s i t e  m o l e c u l e  a p p r o a c h  r e m a i n s  v a l i d  and t h a t  t h e
p a r t i t i o n i n g  o f  most  u t i l i t y  i s  ( i ) .
The e f f e c t  o f  N - m e t h y l a t i o n  on  t h e  u l t r a v i o l e t  a b s o r p t i o n  
3 4s p e c t r a  o f  a m id e s  and oxam ides  h a s  b e e n  a u s e f u l  d i a g n o s t i c  t o o l
i n  m a k i n g  d i s t i n c t i o n  b e t w e e n   ̂ I', and ^ 1’ *  <- t r a n s i t i o n s .
tttt 1 n n  1
I t  i s  e x p e c t e d  t h a t  s i m i l a r  d i a g n o s t i c  u t i l i t y  s h o u ld  r e s i d e  i n  N- 
m e t h y l a t i o n  e f f e c t s  on p e s  i o n i z a t i o n  e n e r g i e s .  Thus ,  a n  n-MO 
l a r g e l y  l o c a l i z e d  on t h e  - C = 0  g r o u p s  s h o u l d  be  much l e s s  
s e n s i t i v e  t o  N - m e t h y l a t i o n  t h a n  a rr^-MO w h i c h  h a s  l a r g e  a m p l i t u d e
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on t h e  amine  n i t r o g e n s .  I n d e e d ,  i t  h a s  b e e n  a s s e r t e d  t h a t  such
d i f f e r e n t i a l  e f f e c t s  o f  N - m e t h y l a t i o n  a r e  r e s p o n s i b l e  f o r  a r e v e r s a l
o f  t h e  t w o  l o w e s t  e n e r g y  p e s  b a n d s  o f  f o r m a m i d e ,  w h e r e  I ( n )  <  I ( tt̂ ) ,
on g o i n g  t o  N - m e th y l fo r m a m id e ,  where  < I n » I t  i s  a p u r p o s e  of
t h e  p r e s e n t  work  t o  i n v e s t i g a t e  t h e  d i a g n o s t i c  u t i l i t y  o f  N - m e t h y l a t i o n
2
( o r  N - a l k y l a t i o n )  i n  c o r r o b o r a t i n g  p r i o r  a s s i g n m e n t s  o f  t h e  p e s  o f  
oxamide  and i n  making  a s s i g n m e n t s  o f  t h e  p e s  o f  p a r a b a n i c  a c i d .
The MO n o t a t i o n  u se d  i n  t h e  d i s c u s s i o n  o f  oxa m id e s  has
2 r
b e e n  e l a b o r a t e d  p r e v i o u s l y  and c o n s i s t s  o f  t h e  s e t  l n + , n ,
n  » 11 t h e  o-MO's  r e m a i n i n g  u n d i f f e r e n t i a t e d .  The MO n o t a t i o n  'zr +  -
2 f Tused i n  the  d i s c u s s i o n  o f  u rea  c o n s i s t s  o f  t h e  s e t  ]n ,  r r ^  tTq , tt].
The MO n o t a t i o n  w h i c h  h a s  b e e n  found u s e f u l  i n  d i s c u s s i n g  p a r a b a n i c  
a c i d  c o n s i s t s  o f  two s u b s e t s :  {n+, n , r r ^  t t (J tt J o f  oxamide
and [ n ,  t i } o f  u r e a .  I t  s h o u l d  no t  be i n f e r r e d  t h a t  t h e s e  two s u b ­
s e t s  do no t  o v e r l a p ;  i t  may be i n f e r r e d ,  ho w e v e r ,  t h a t  t h e  o v e r l a p  
i  s sma1 1 .
EXPERIMENTAL AND COMPUTATIONAL
I n s t r u m e n t a t i o n  and t e c h n i q u e s  have  b e e n  d e s c r i b e d  p r e -
2
v i o u s l y .  A l l  c h e m i c a l s  w e r e  p r e p a r e d  and p u r i f i e d  i n  t h e s e
4 6L a b o r a t o r i e s  and a r e  d e s c r i b e d  e l s e w h e r e .  ’
S e m i - e m p i r i c a l  CNDO/s-CI c a l c u l a t i o n s ^  w e re  c a r r i e d  o u t  
f o r  c i s - g l y o x a l ,  u r e a ,  p a r a b a n i c  a c i d ,  N - m e t h y l p a r a b a n i c  a c i d  and 
N , N ' - d i m e t h y l p a r a b a n i c  a c i d  a t  g e o m e t r i e s  a p p r o p r i a t e  t o  t h e i r
g
g round  s t a t e s .
RESULTS
The e x p e r i m e n t a l  p e s  d a t a  c o n s i s t  o f  i o n i z a t i o n  band e n e r g i e s ,  
ba nd  i n t e n s i t i e s ,  v i b r o n i c  s t r u c t u r e  a s s o c i a t e d  w i t h  a g i v e n  b a n d ,  and 
N - m e t h y l a t i o n  e f f e c t s  on s p e c i f i c  band  e n e r g i e s .  The number o f  s p e c i f i c  
i d e n t i f i c a t i o n s  o f  band  t y p e  w h i c h  can  be made on  t h e  b a s i s  o f  s u c h  
d a t a  i s  n o t  v e r y  l a r g e .  N o n e t h e l e s s ,  i n  t h e  d i s c u s s i o n  o f  t h i s  s e c t i o n  
we w i l l  append  i d e n t i f i c a t i o n s  t o  t h e  m a j o r i t y  o f  t h e  o b s e r v e d  b a n d s .
The j u s t i f i c a t i o n  f o r  s u c h  i d e n t i f i c a t i o n s  r e s i d e s  i n  c o r r e l a t i v e  
schemes and i n  c o m p a r i s o n  w i t h  CNDO/s c o m p u t a t i o n a l  r e s u l t s  w h ic h  
w i l l  be d i s c u s s e d  l a t e r ,  and i n  t h e  c o n s i s t e n c y  o f  a p p l i c a t i o n  o f  
a d d i t i v i t y  r u l e s  w h i c h  have  been  d i s c u s s e d  p r e v i o u s l y . ^
The p h o t o e l e c t r o n  s p e c t r a  o f  t h e  oxa m id e s  a r e  shown i n  
F i g u r e  1 and t h o s e  o f  t h e  p a r a b a n i c  a c i d s  a r e  shown i n  F i g u r e  2.
The e x p e r i m e n t a l  p e s  d a t a ,  w i t h  a s s i g n m e n t s ,  a r e  shown i n  T a b l e  I .
The n band o f  t h e s e  s y s t e m s  i s  t h e  o n l y  one w h i c h  c o n ­
s i s t e n t l y  e x h i b i t s  v i b r o n i c  s t r u c t u r e .  These  b a n d s ,  where  r e s o l v a b l e ,  
a r e  shown i n  F i g u r e s  3 and 4 ,  and a r e  d e t a i l e d  i n  T a b l e  I I .  The c o u p le d
v i b r a t i o n ,  i n  a l l  i n s t a n c e s ,  i s  t h e  s im p l e  c a r b o n y l  s t r e t c h i n g  made.
2
The n ( band i s  v i b r o n i c a l l y  r e s o l v a b l e  o n l y  i n  oxamide where  i t  
e x h i b i t s  s k e l e t a l  modes a s  w e l l  a s  a c a r b o n y l  s t r e t c h i n g  mode. We 
t a k e  t h e  p r e s e n c e  o f  l o w - f r e q u e n c y  modes i n  t h e  n+ band o f  oxamide
9
a s  a v i n d i c a t i o n  of  t h e  " t h r o u g h - b o n d "  c o u p l i n g  o f  t h e  n -MO and+
t h e  a - b o n d i n g  MO o f  t h e  C - C  bond o f  oxamide .  The m u l t i p l e
F i g u r e  I :  P h o t o e l e c t r o n  s p e c t r a  o f  ( a )  N ,N ,N ' , N ' - t e t r a m e t h y l o x a m i d e  
(b )  N , N ' - d i n e  t h y l o x a m i d e ; ( c )  o x a m i d e ;  (d )  N , N ' - d i - n -  





















F i g u r e  2 :  P h o t o e l e c t r o n  s p e c t r a  o f  ( a )  d i p r o p y l p a r a b a n i c  a c i d ;
(b )  d i m e t h y l p a r a b a n i c  a c i d ;  ( c )  m e t h y l p a r a b a n i c  a c i d ;  



















F i g u r e  3:  P h o t o e l e c t r o n  s p e c t r a  o f  t h e  n_ band o f  ( a )  OX; (b )  DMOX;
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F i g u r e  4 :  P h o t o e l e c t r o n  s p e c t r a  o f  t h e  n band o f  ( a )  PBA; 

































IONIZATION ENERGIES AND BAND ASSIGNMENTS OF QXAMIDES AND PARABANIC ACIDS3 
BAND ENERGIES ( i n  eV)/ASSIGNMENT
MOLECULE 1 (1 ) 1 (2 ) 1 (3 ) 1 (4 ) 1 (5 ) K 6 ) 1 (7 ) 1 ( 8 ) 1 (9 ) 1 (1 0 ) 1 (1 1 ) 1 (1 2 ) 1 (1 3 )
OXAMIDE 9 . 80(V ) 1 0 .5 0 1 1 .0 4 1 1 .72(V ) 1 3 .3 9 (V )1 4 .5 0 (V )1 4 .9 0 1 5 .7 0 1 6 .1 5 1 7 .8 0 1 8 .7 0
OX n + " © n _
TT_ c CT <3 TT+ cr a
N, N’ -DIWTHYLOXAMIDE 9 .3 3 9 .6 2 1 0 .0 7 1 1 .20(V ) 1 2 .4 2 1 3 .6 6 1 4 .2 6 1 5 .3 3 1 6 .5 1 8 .3 5
DMOX n + " e n . TT_
N, N ,N ' , N ' -TETRAMETHYL- 
QXAMIDE
9 .0 2 9 .0 8 9 .3 4 1 0 .4 9 1 2 .0 1 3 .9 0 1 4 .4 6 1 5 .1 2 1 6 .2 0 1 7 .9
TMOX n _ n 0 n e n . n _
N ,N ’-DIPROPYLOXAMIDE 9 .1 2 9 .2 5 9 .7 9 1 1 .1 7 (V) 1 1 .8 4 1 2 .7 0 1 3 .7 9 1 4 .8 9
DPOX n _ "© tt̂ s n _ n _
PARABANIC ACID 1 0 .6 7 1 1 .3 4 1 1 .5 7 1 1 .7 9 1 2 .5 8 b 1 4 .1 0 1 4 .5 7 1 5 .5 5 1 5 .7 5 1 6 .3 1 6 .8 1 7 .5 5 1 8 .8
PBA n+ n e n n e n _ rr_
N-METHYLPARABANIC ACID 1 0 .5 2 1 0 ,6 8 1 1 .2 1 1 .3 9 1 2 .2 9 b 1 3 .7 3 1 4 .4 3 1 5 .6 0 1 6 .1 0 1 6 .7 1 7 .6 1 8 .1 1 9 .6
MPBA n+ tt̂ n n _ JT_
N, N' -DIMEIHYLPARABANIC 
ACID
DMPBA
1 0 .1 9
n ©
1 0 .3 3
n+
1 0 .9 7 1 1 .1
n
1 2 .1 9 b
n _
1 3 .3 (V )
TT_
1 4 .1 9 1 4 .8 7 1 5 .2 4






1 0 .1 0
Cl
+
1 0 .6 5
t " e - n )
1 1 .9 0
n
1 2 .1 5 1 2 .6 3 1 3 .9 0 1 5 .1 5 1 6 .3 1 7 .0 1 9 .0
V e r t i c a l  i o n i z a t i o n  e n e r g i e s  a r e  d e n o te d  by V ; b an d s  so  d e n o te d  e x h i b i t  v i b r a t i o n a l  s t r u c t u r e .  
bThe v e r t i c a l  and  a d i a b a t i c  i o n i z a t i o n  e n e r g i e s  a r e  i d e n t i c a l  f o r  th e s e  b a n d s .
v i b r o n i c  c o u p l i n g  e v i d e n t  i n  t h e  n band o f  oxamide ,  a s  w e l l  a s  t h e
*4*
i n d i s t i n c t  r e s o l u t i o n  found  i n  o xam ide ,  p r o v i d e  a good r a t i o n a l e  
f o r  ou r  i n a b i l i t y  t o  r e s o l v e  an y  v i b r a t i o n a l  s t r u c t u r e  i n  t h i s  band 
i n  an y  o f  t h e  more complex  m o l e c u l e s .
The l o w e s t - e n e r g y  p e s  band o f  t h e  a l k y l  o xam ides  i s  h i g h l y  
i n t e n s e  a n d ,  on t h e  b a s i s  o f  r e l a t i v e  c r o s s - s e c t i o n ,  must  be supposed  
t o  c o n t a i n  t h r e e  d i s t i n c t  i o n i z a t i o n  e v e n t s .  T h i s  c o n c l u s i o n  a l s o  
f o l l o w s  f rom  d i r e c t  c o m p a r i s o n  w i t h  t h e  oxamide s p e c t r u m :  N - a l k y l a t i o n
moves t h e  n an d  tt b a n d s  t o w a r d s  l o w e r  i o n i z a t i o n  e n e r g i e s  f a s t e r  
t h a n  i t  d o e s  t h e  n ( b a n d ;  a s  a r e s u l t ,  a l l  t h r e e  bands  t e n d  toward  
c o i n c i d e n c e ,  and a l m o s t  a c h i e v e  c o i n c i d e n c e  i n  TMOX.
The 14eV r e g i o n  o f  oxamide u n d e r g o e s  m a s s i v e  i n c r e a s e  a s  
a r e s u l t  o f  N - m e t h y l a t i o n .  H i i s  r e g i o n  r e p r e s e n t s  t h e  l o c a t i o n  
o f  new n  and a  i o n i z a t i o n  e v e n t s  i n t r o d u c e d  by N - m e t h y l a t i o n .  A 
s i m i l a r  s t a t e m e n t  a p p l i e s  t o  t h e  l l - 1 4 e V  r e g i o n  o f  DPFBA.
The i n t e n s e ,  l l - 1 2 e V ,  band o f  PBA c o n t a i n s  t h r e e  i o n i z a t i o n  
e v e n t s :  n and  tt̂  w h i c h  c o r r e s p o n d  t o  t h e  1 1 . 3 4 ,  11 .57  and L l ,79eV
p e s  p e a k s .  However ,  t h e  p r e c i s e  o r d e r  o f  c o r r e s p o n d e n c e  i s  no t  
known.  The e n e r g y  o f  t h e  n  band i s  q u i t e  i n s e n s i t i v e  t o  N - a l k y l a t i o n ,  
a s  i s  a l s o  t h e  n ( b a n d .  The e f f e c t s  o f  N - a l k y l a t i o n  a r e  t o  move the  
tt^, and  Tig b a n d s  toward  t h e  n + b a n d ,  i n  s u c h  a way t h a t  i n  DPPBA, 
t h e  l o w e s t - e n e r g y  i o n i z a t i o n  e v e n t  i s  tt . The e n e r g y  o f  t h e  
band i s  somewhat more s e n s i t i v e  t h a n  t h a t  o f  n ^ ,  w i t h  t h e  r e s u l t  
t h a t  t h e s e  b a n d s  become more d i s t i n c t  a s  a r e s u l t  o f  m e t h y l a t i o n .
The e f f e c t s  o f  m e t h y l a t i o n  on t h e  n - i o n i z a t i o n  a r e  somewhat  more
d i f f i c u l t  t o  f o l l o w ;  ho w e v e r ,  i t  d o e s  a p p e a r  t h a t  t h e  n and e v e n t s  
a l s o  i n v e r t  on p r o c e e d i n g  f rom PBA t o  DMPBA.
The 14 .73eV band o f  PBA r e m a i n s  d i s t i n c t  i n  a l l  f o u r  
compounds and e n c r o a c h e s ,  a s  a r e s u l t  o f  i n c r e a s i n g  N - a l k y l a t i o n ,  
on t h e  n_ b a n d .  T h i s  14 .73eV band o f  PBA i s  i d e n t i f i e d ,  a s  a r e s u l t ,  
a s  t h e  tt_ b a n d .  T h i s  band  l i e s  a t  13 .11eV i n  DMPBA and e x h i b i t s  
a w e a k l y  d e f i n e d  v i b r a t i o n a l  p r o g r e s s i o n  i n  an  800cm  ̂ i n t e r v a l .
DISCUSSION
A c o n s i d e r a t i o n  o f  i o n i z a t i o n  p o t e n t i a l s  d e v o l v e s ,  v i a  
Koopmans1 t h e o r e m , ^  t o  a c o n s i d e r a t i o n  o f  m o l e c u l a r  o r b i t a l s .  Hence,  
a b r i e f  resume o f  t h e  t y p e s  o f  o r b i t a l s  w h i c h  CNDO/s c a l c u l a t i o n s  
p r o v i d e  f o r  p a r a b a n i c  a c i d s  i s  g i v e n  and t h e s e  o r b i t a l s  a r e  r e l a t e d  
to  t h o s e  o f  t h e  two e n t i t i e s ,  c i s -o x am id e  and u r e a ,  i n t o ' w h i c h  
p a r a b a n i c  a c i d  i s  most  a p t l y  p a r t i t i o n e d .
The e f f e c t s  o f  N - m e t h y l a t i o n  a r e  d i s c u s s e d  f rom  b o t h  com­
p u t a t i o n a l  and  e x p e r i m e n t a l  p o i n t s  o f  v i e w ,  and t h e  two v i e w s  a r e  
shown t o  be c o n c o r d a n t .  The v i a b i l i t y  o f  N - m e t h y l a t i o n  a s  a d i a g n o s t i c  
t o o l  i s  v a l i d a t e d .
F i n a l l y ,  CNDO/s r e s u l t s  a r e  c o r r e l a t e d  w i t h  t h e  e x p e r i m e n t a l  
i o n i z a t i o n  d a t a  and t h e  a s s i g n m e n t s  g i v e n  i n  T a b l e  I  a r e ,  t o  soma 
e x t e n t ,  v a l i d a t e d .
MOLECULAR ORBITALS OF PARABANIC ACIDS
The h i g h e s t - e n e r g y  f i l l e d  MO o f  a l l  <y- d i c a r  bony  I s  d i s c u s s e d  
h e r e ,  DMPBA and DPPBA b e i n g  p o s s i b l e  e x c e p t i o n s ,  i s  o f  o - t y p e ,  i s  
l a r g e l y  l o c a l i z e d  on t h e  oxygens  o f  t h e  o - d i c a r b o n y l  group,  bu t  a l s o
p o s s e s s e s  c o n s i d e r a b l e  o - b o n d i n g  c h a r a c t e r  o f  c a r b o n y l - c a r b o n y l
9 11n a t u r e ,  and ,  f o l l o w i n g  Swenson and Cowan e t  a l . . i s  c l a s s i f i e d
a s  n+ . A l l  o t h e r  n o r b i t a l s  l a c k  t h e  i n t e r c a r b o n y l  bo n d in g
c h a r a c t e r i s t i c .  The n-MO i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  o f
u r e a ,  and i s  a l m o s t  e n t i r e l y  s i t u a t e d  on t h e  oxygen  o f  t h e  i s o l a t e d
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c a r b o n y l  g r o u p .  The n -MO i s  t h e  most  d e l o c a l i z e d  o f  a l l  n -M O 's ,  
p o s s e s s e s  a m p l i t u d e  on a l l  t h r e e  oxygen  c e n t e r s ,  b u t  r e t a i n s  a 
d o m in a n t  c i s - g l y o x a l  i d e n t i t y .
The tt -MO's a r e  h e a v i l y  l o c a l i z e d  on t h e  amine r e s i d u e s  
and  a r e  e s s e n t i a l l y  n o n - b o n d i n g .  The h i g h e s t  e n e r g y  tTq-MO i s  
n ; t h e  tt -MO e m b r a c e s  b o t h  t h e  N - c e n t e r s  and a l l  t h r e e  c a r b o n y l -  
c e n t e r s ,  and i s  N- (C = 0)  a n t i b o n d i n g  i n  a l l  i n s t a n c e s .  The 
tt^-MO i s  s i m i l a r l y  a n t i b o n d i n g  b u t  p o s s e s s e s  a node a t  t h e  
i s o l a t e d  c a r b o n y l  g r o u p .  The tt̂ - M O 's a r e  v e r y  s i m i l a r  t o  t h e  c o r ­
r e s p o n d i n g  t t^ p a i r  o f  u r e a  b u t  a l s o  p o s s e s s  o n e - t o - o n e  c o r r e s p o n d e n c e s  
w i t h  t h e  t t^ p a i r  o f  c i s - o x a m i d e .  The n^ -MO's  p o s s e s s  l a r g e  a m p l i t u d e s  
on t h e  n i t r o g e n  c e n t e r s ,  ~50X; c o n s e q u e n t L y ,  t h e y  a r e  e x p e c t e d  to  
be v e r y  s e n s i t i v e  t o  N - m e t h y l a t i o n .  I n  c o n t r a s t ,  N - a m p l i t u d e s  f o r  
t h e  {n , n nJ-MO s e t  i s  u s u a l l y  l e s s  t h a n  87.; h e n c e ,  t h e i r  i n -“r *■
s e n s i t i v i t y  t o  N - m e t h y l a t i o n .
The tt -MO i s  e n t i r e l y  c i s -oxam ide  l o c a l i z e d  and i s  
h i g h l y  N -  C -  0  n - b o n d i n g .  I t  c o n t a i n s  ~407. a m p l i t u d e  on t h e  
N - c e n t e r s  and t h i s ,  c o u p le d  w i t h  i t s  h i g h l y  c o n j u g a t i v e  N - C - 0 
n a t u r e ,  s h o u l d  make i t  e x c e e d i n g l y  s e n s i t i v e  t o  N - m e t h y l a t i o n .
The tt+-M0 o f  c i s - g l y o x a l  s p l i t s  i n t o  two i n  p a r a b a n i c  
a c i d .  The one o f  h i g h e r  e n e r g y  h a s  a node  b e tw e e n  t h e  g l y o x a l  
and u r e a  r e s i d u e s  and i s  ~607, u r e a - l o c a l i z e d , T h i s  MO i s  t e rm ed  
tt and i s  v e r y  s i m i l a r  t o  t h e  c o r r e s p o n d i n g  MO o f  u r e a .  The o t h e r  
com ponen t ,  w h i c h  we t e r m  tt i s  ~807. l o c a l i z e d  on t h e  c i s -oxam ide  
f r a g m e n t ;  h e n c e ,  o u r  r e t e n t i o n  o f  t h e  tt d e s i g n a t i o n .  The tt-MO
4*
h a s  l e s s  t h a n  5% d e n s i t y  on t h e  N - c e n t e r s ,  w h e r e a s  t h a t  o f  t h e  
tt+-MO i s  ~40%. As a r e s u l t ,  t h e  s e n s i t i v i t y  o f  t h e s e  MO's t o  
N - m e t h y l a t i o n  e f f e c t s  i s  e x p e c t e d  t o  be q u i t e  v a r i a n t .
The i n t r o d u c t i o n  o f  m e t h y l  g r o u p s  i n t r o d u c e s  a n o t h e r  
s u b - s e t  o f  MO's,  some o f  w h i c h  a r e  h i g h l y  c o n j u g a t i v e .  The e f f e c t s  
o f  t h i s  c o n j u g a t i o n  a r e  most  o b v i o u s  i n  t h e  rr+-MO, w h i c h  ha ppe ns  
t o  be q u a s i - d e g e n e r a t e  w i t h  t h e  p s e u d o  tt-MO o f  t h e  g r o u p .
The e f f e c t s  o f  n - c o n j u g a t i o n  w i t h  t h e  g r o u p ( s )  i s  shown,
i n  s e l f - e v i d e n t  n o t a t i o n ,  i n  F i g u r e  5 and  6 .
N-ALKYLATION
The e f f e c t s  o f  N - m e t h y l a t i o n  on t h e  l o w e r - e n e r g y  s e t  o f  
i o n i z a t i o n s  o f  oxamide  i s  shown i n  F i g u r e  7.  A l l  f o u r  i o n i z a t i o n s  
move t o  l o w e r  e n e r g i e s ,  t h o s e  d e s i g n a t e d  a s  l ( n  ) and I ( n  ) 
a r e  much l e s s  s e n s i t i v e  t h a n  I(TT̂ p) and I ( tt̂ ) .  The e f f e c t s  
o f  v a r i o u s  N - a l k y l a t i o n s  on oxamide i o n i z a t i o n  e n e r g i e s  a r c  
t a b u l a t e d  i n  T a b l e  I I I .  I t  seems c l e a r  t h a t  t h i s  t e c h n i q u e  i s  a u s e ­
f u l  means o f  d i s t i n g u i s h i n g  be tw e en  n and  tt i o n i z a t i o n  e v e n t s .
The e f f e c t s  o f  N - a l k y l a t i o n  on t h e  i o n i z a t i o n  e n e r g i e s  o f  
p a r a b a n i c  a c i d  (PBA) a r e  i l l u s t r a t e d  i n  F i g u r e  8  and  a r e  t a b u l a t e d  
i n  T a b l e  IV, w here  t h e y  a r e  compared w i t h  p r e d i c t i o n s  b a s e d  on 
CNDO/s c o m p u t a t i o n s .  I t  seems c l e a r  f ro m  b o t h  c o m p u t a t i o n a l  and e x ­
p e r i m e n t a l  e v i d e n c e ,  t h a t  t h e  d i a g n o s t i c  v a l u e  o f  N - m e t h y l a t i o n  i n  
n / n  d i s c r i i n i n a t i o n  i s  c o n s i d e r a b l e .
I t  w i l l  be n o t e d  t h a t  t h e  two bands  d i v e r g e ,  a s  a
F i g u r e  5:  C o m p u t a t i o n a l  CNDO/s c o r r e l a t i o n  d i a g r a m  f o r  c i s - g l y o x a l .
PBA, MPBA, DMPBA and u r e a  m o l e c u l e s .  The c o m p a r i s o n  of  
t h e  two c o r r e l a t i o n  d i a g r a m s  o f  F i g u r e s  5 and 6 , a s  a l s o  
t h e  t e x t u a l  l a n g u a g e ,  i m p l i e s  t h e  u se  o f  Koopmans1 t h eo re m .  
The c o m p u t a t i o n s  o f  F i g u r e  5 a r e  f o r  c i s - g l y o x n 1; t h e  e x ­
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F i g u r e  6 : E x p e r i m e n t a l  p e s  c o r r e l a t i o n  d i a g r a m  f o r  t r a n s - g l y o x a l  
PBA, MPBA, DMPBA and u r e a  m o l e c u l e s .
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F i g u r e  7:  H i g h - r e s o l u t i o n  p h o t o e l e c t r o n  s p e c t r a  o f  t h e  l o w - e n e r g y  
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ELECTRON VOLTS
TABLE I I .




VIBRONIC PEAKS vAv( c " " 1)
/  - 1  ̂v (cm )
i n  \
a
V
OX 6 1560 I 6 5 6 b 1
DMOX 5 1530 1650C 1
TMOX 5 1540 1660d 1
DPOX Band Occ luded ---------
PBA 4 1550 1760C 0
MPBA 4 1700 --------- 0
DMPBA 4 1620 --------- 0
DPPBA Band P a r t i a l l y  Occ luded —
^ T h c  n u m b e r  o f  q u a n t a  o £  L i u -  c a r b o n y l  .‘i L r u l c l u  n g  m i n k ;  w h i c h ,  s u p e r -  
| u * s o d  o n  I ( v o r  t  i . c . a  I ) ,  y i e l d s  I ( a d i a b n t i c )  .
^ J .  R. D u r i g ,  S. C. Brown and S. E. Hannum, Mol.  C r y s t a l s  and L iq .  
C r y s t a l s . 14,  1 2 9 ( 1 9 7 1 ) .
T.  Miyazawa,  T. Sh im a n o u c h i  and S.  M izush ima ,  J .  Chem. P h y s . . 2 4 . 
4 0 8 ( 1 9 5 6 ) .
dD. B. L a r s o n ,  Ph .D .  D i s s e r t a t i o n ;  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  Ba ton  
Rouge,  L o u i s i a n a ,  Augus t  1972.
eA. Alemagna and V. L o r e n z e l l i ,  J .  Cliim. P h y s . . 6 1 . 8 8 4 ( 1 9 6 4 ) .
TABLE I I I .
N-ALKYLATION SHIFTS ( i n  eV) IN THE PES OF OXAMIDES




- 0 . 4 7 - 0 . 8 8 - 0 . 9 7 - 0 . 5 2 - 0 . 9 7
C a l c - 0 . 2 5 - 0 . 6 2 - 0 . 5 1 - 0 . 2 8 - 1 . 2 2
TMOX Expt - 0 . 7 8 - i . 4 2 - 1 . 7 0 - 1 . 2 3 - 1 . 3 9




N-ALKYLATION SHIFTS ( i n  eV) IN THE PES OF PARABANIC ACIDS
MOLECULE n + n <r n " e
n rr
PBA Expt 0 . 0
C a l c 0 . 0
MPBA Expt - 0 . 1 5 - 0 . 6 6 - 0 . 3 7 - 0 . 4 0 - 0 . 2 9 - 0 . 3 7
C a l c - 0 . 1 6 - 0 . 3 9 - 0 . 1 3 - 0 . 2 3 - 0 . 1 4 - 0 . 5 9
DMPBA Expt - 0 . 4 8 - 1 . 1 5 0 .4 7 - 0 . 8 2 - 0 . 3 9 - 0 . 8 0
C a l c - 0 . 3 0 - 0 . 3 3 - 0 . 2 6 - 0 . 7 0 - 0 . 2 7 - 0 . 9 3
DPPBA Expt - 0 . 5 7 - 1 . 4 4 - 0 . 9 2 - 1 . 1 4 - 0 . 6 8 -----
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F i g u r e  8 : H i g h - r e s o l u t i o n  p h o t o e l e c t r o n  s p e c t r a  o f  t h e  10-13eV 
r e g i o n  o f  ( a )  PBA; (b)  MPBA; and ( e )  DMPBA.
RELATIVE COUNT RATE
r e s u l t  o f  N - a l k y l a t i o n ,  i n  t h e  p a r a b a n i c  a c i d s ,  w h e r e a s  t h e y  c o n v e r g e  
i n  t h e  o x a m i d e s .  I t  w i l l  a l s o  be n o t e d  t h a t  t h e  o r d e r  i s  i n ­
v e r t e d  i n  t h e s e  two s e t s  o f  m o l e c u l e s .  T h i s  i n v e r s i o n ,  a s  a compu­
t a t i o n a l  r e s u l t ,  i s  v e s t e d  i n  t h e  c i s / t r a n s  " i s o m e r i s m "  w h i c h  may be 
s u p posed  t o  d i f f e r e n t i a t e  b e tw e e n  t h e  two s e t s  o f  compounds. Whe ther  
o r  n o t  t h i s  c i s / t r a n s  " i s o m e r i s m "  and t h e  r e s u l t a n t  i n v e r s i o n
h a s  a n y t h i n g  t o  do w i t h  t h e  d i v e r g e n c y / c o n v e r g e n c y  c h a r a c t e r i s t i c s  
i s  d i f f i c u l t  t o  d e t e r m i n e .
CORRELATION DIAGRAMS
The r e s u l t s  o f  CNDO/s c o m p u t a t i o n s  a r c  summarized  i n  
F i g u r e  5 and may be compared w i t h  t h e  e x p e r i m e n t a l  c o r r e l a t i o n  
d i a g r a m  o f  F i g u r e  6 . T h i s  c o m p a r i s o n  i s  m a s s i v e l y  i m p r e s s i v e ,  
p a r t i c u l a r l y  i n  t h e  l o w e r  i o n i z a t i o n  e n e r g y  r e g i m e .  Any a s s i g n ­
m en t s  w h i c h  m ig h t  be made i n  t h e  h i g h e r  i o n i z a t i o n  e n e r g y  r e g im e  
( a p a r t  f rom d i r e c t  c o m p a r i s o n  w i t h  t h e  c o m p u t a t i o n a l  r e s u l t s  - -  a 
p r o c e d u r e  w h i c h  i s  more t h a n  s u s p e c t )  would  have  l i t t l e  f o u n d a t i o n ;  
h e n c e ,  t h i s  r e g i o n  i s  l e f t  l a r g e l y  u n a s s i g n e d .
REFERENCES
* J .  L. Meeks,  H. J .  Maria  and S. P.  McGlynn,  t o  be p u b l i s h e d .
2
J .  L. Meeks,  J .  F.  A r n e t t ,  D. B. L a r s o n  and S. P. McGlynn, t o  be 
p u b l i s h e d .
^H. B asch ,  M. B. Robin  and N. A. K u e b l e r ,  J .  Chem. P h y s . ,  4 9 , 5007 
( 1 9 6 8 ) .
4
D. B. L a r s o n  and S. P. McGlynn, J .  Mol. S p e c t r o s c . .  4 7 , 4 6 9 ( 1 9 7 3 ) .
^C. R. B r u n d l e ,  D. W. T u r n e r ,  M. B. Robin and H. B asch ,  Chem. Phys .  
L c L t e r s . 3, 2 9 2 ( 1 9 6 9 ) .
^D. B. L a r s o n ,  J .  F.  A r n e t t  and  S. P.  McGlynn, J .  Amer. Chem. S o c . .  
95,  6 9 2 8 ( 1 9 7 3 ) .
^The p rog ram  used  h e r e  was QCPE:CNDO 174.
g
G e o m e tr ic a L  p a r a m e t e r s  u sed  i n  CNDO/s-CI a r e :
Bond l e n g t h s  and bond a n g l e s  f o r  PBA were  t h o s e  of  D. R. 
Dnv is  and J .  J .  Blum, Ac ta  C r y s t a l  l o g . , .8 , 1 2 9 (1 9 5 5 ) .
S t a n d a r d  s t r u c t u r a l  p a r a m e t e r s  were used  f o r  t h e  -Cll.^ 
g r o u p s  o f  t h e  PBA d e r i v a t i v e s .  Urea :  A. Caron  and
J .  Donohue,  Acta  C r y s t . ,  17 , 5 4 4 ( 1 9 6 4 ) ;  c i s - g l y o x a l :
E. M. A y e r s t  and J . R . C .  Duke, Ac ta  C r y s t . ,  7., 5 8 8 ( 1 9 5 4 ) .
^ J ,  R. Swenson and R. Hoffmann,  He lv .  Chim. A c t a . .  53 , 2 3 3 1 ( 1 9 7 0 ) .
105
^ T .  Koopmans, P h y s i c a . 1 0 4 ( 1 9 3 4 ) .
^ D .  0 .  Cowan, R. G l e i t e r ,  J .  A. Hashn ta l l ,  E. H e i l b r o n n e r  and  V.
Hornung,  Angew. Chem. i n t e r n a t .  E d i t . . 10 . 4 0 1 ( 1 9 7 1 ) .
12 D. W. T u r n e r ,  C. B a k e r ,  A. D. B ake r  and C. R. B r u n d l e ,  " M o l e c u l a r  






C a r b o n a t e s  and o x a l a t e s  p l a y  key  b i o l o g i c a l  r o l e s . ^  S i n c e
a c o m p o s i t e  m o l e c u l e  a p p r o a c h  ha s  p r o v e n  u s e f u l  i n  t h e  i n t e r p r e t a t i o n
2 3o f  t h e  p e s  s p e c t r a  * o f  v a r i o u s  o t h e r  mono-,  d i - ,  and  t r i c a r b o n y l s ,
t h e  p u r p o s e  o f  t h e  p r e s e n t  work  i s  t o  e x t e n d  s u c h  c o n s i d e r a t i o n s  t o
th e  c a r b o n a t e s  and  o x a l a t e s .
O x a l i c  a c i d  may be v iew ed  a s  two i n t e r a c t i n g  c a r b o x y l  g r o u p s .
4
S i n c e  t h e  l o w e r - e n e r g y  i o n i z a t i o n  e v e n t s  o f  f o r m i c  a c i d  a r e  r e l a t i v e l y
w e l l  e s t a b l i s h e d ,  o x a l i c  a c i d  i s  a p r im e  c a n d i d a t e  f o r  a v e r y  s i m p l e
c o m p o s i t e  m o l e c u l e  a p p r o a c h .  D im e th y l  c a r b o n a t e  o c c u p i e s  a n  i m p o r t a n t
n i c h e  i n  t h e  h i e r a r c h y  HCOOCHL -  CH„0C00CH„ "  CH„0C0C00CH_ and s h o u ldJ 3 3 3 3 3
a i d  i n  t h e  c o r r e l a t i v e  a s s i g n m e n t  o f  t h e  pes  o f  d i m e t h y l  o x a l a t e .  
U n f o r t u n a t e l y ,  t h e  d i m e t h y l  c a r b o n a t e  s p e c t r u m  was r a t h e r  p o o r l y  r e ­
s o l v e d ;  h e n c e ,  a c o m p a r a t i v e  s t u d y  o f  d i m e t h y l  c a r b o n a t e  and e t h y l e n e  
c a r b o n a t e  was i n i t i a t e d  i n  t h e  hope t h a t  t h e  g r e a t e r  r i g i d i t y  o f  t h e  
l a t t e r  wou ld  l e a d  t o  h i g h e r  pes  r e s o l u t i o n  and a i d  i n  t h e  i n t e r p r e ­
t a t i o n  o f  t h e  p o o r l y  s p e c i a t e d  s p e c t r u m  o f  t h e  f o r m e r .
F i n a l l y ,  g i v e n  i n d e p e n d e n t  c o r r e l a t i v e  a s s i g n m e n t s  o f  t h e
p e s  o f  o x a l i c  a c i d  and d i m e t h y l  o x a l a t e ,  i t  was t h o u g h t  t h a t  t h e
d i f f e r e n t i a l  s h i f t s  o f  i o n i z a t i o n  e n e r g i e s  c a u s e d  by O - a l k y l a t i o n  
( i . e . ,  e s t e r i f i c a t i o n )  s h o u l d  p r o v e  u s e f u l  i n  c r o s s - c h e c k i n g  t h e  two 
s e t s  o f  a s s i g n m e n t s .  Hence ,  t h i s  c h a p t e r  a l s o  e x h i b i t s  some c o n c e r n  
f o r  O - a l k y l a t i o n  e f f e c t s .
108
EXPERIMENTAL AND COMPUTATIONAL
O x a l i c  a c i d  d i h y d r a t e  ( A l l i e d  C h e m ic a l ,  99.5%) was r e c r y s t a l l i z e d  
t h r e e  t i m e s  f rom  w a t e r .  D i m e th y l  o x a l a t e  (MCB), was vacuum sub l im ed  
t w i c e .  D im e th y l  c a r b o n a t e  ( E a s t m a n ) , d i e t h y l  o x a l a t e  (MCB) and  e t h y l e n e  
c a r b o n a t e  ( A l d r i c h )  were  u se d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
I n s t r u m e n t a t i o n  and t e c h n i q u e s  u se d  i n  s t u d y i n g  s o l i d  s a m p le s
2
have  b e e n  d i s c u s s e d  p r e v i o u s l y .  L i q u i d  s a m p le s  w e r e  d e g a s s e d  t h r e e  
t i m e s  by a f r e e z e - t h a w  c y c l e ;  t h e  v a p o r  was t h e n  b l e d  f rom  a o n e - l i t e r  
r e s e r v o i r  t h r o u g h  a n e e d l e  v a l v e  i n t o  t h e  s p e c t r o m e t e r .  T h i s  l a t t e r  
t e c h n i q u e  e l i m i n a t e d  f l u c t u a t i o n s  o f  sample  p r e s s u r e  i n  t h e  sample 
cha m be r .  An " e l e c t r o n  m u l t i p l i e r "  d e t e c t o r  was u se d  f o r  d i m e t h y l  
c a r b o n a t e  and e t h y l e n e  c a r b o n a t e ;  a " c h a n n e l t r o n "  d e t e c t i o n  s y s t e m  
was u sed  f o r  a l l  o t h e r  compounds .
S e m i - e m p i r i c a l  CNDO/s c a l c u l a t i o n s  w ere  c a r r i e d  ou t  f o r  
f o r m i c  a c i d ,  m e t h y l  f o r m a t e ,  o x a l i c  a c i d , d i m e t h y l  o x a l a t e ,  e t h y l e n e
c a r b o n a t e  and  d i m e t h y l  c a r b o n a t e  a t  g e o m e t r i e s  a p p r o p r i a t e  t o  t h e i r
6 2 7
ground  s t a t e .  The MO n o t a t i o n  u sed  h a s  b e e n  d i s c u s s e d  ’ p r e ­
v i o u s l y ;  t h e  MO's o f  a m o n oca rbony l  s u c h  a s  HCOOH a r e  l a b e l l e d  
n ,  tTq  and tt. I n  t h e  c a s e  o f  e s t e r s  s u c h  a s  HCOOCH^ a new t y p e  o f  
tt MO, one  w h i c h  h a s  l a r g e  a m p l i t u d e  on  t h e  c a r b o n  c e n t e r  o f  t h e  
m e t h y l  g r o u p  and w h i c h  i s  I ^ C - O - a n t i b o n d i n g ,  o c c u r s .  T h i s  tt MO i s  
d e s i g n a t e d  • The MO n o t a t i o n  used  f o r  t h e  s y n m e t r i c  r y - d i c a r b o n y l s ,
o x a l i c  a c i d  and d i m e t h y l  o x a l a t e ,  i s  t h e  same one u s e d  p r e v i o u s l y  f o r  
2
o x a m ide .  The MD's o f  t h e  c y d i c a r b o n y l s  a r e  d e s i g n a t e d  n , n , r u ,
4* “  t r
tt n  and tt : w he re  t h e  e x t r a  + / -  s u b s c r i p t i n g  d e n o t e s  b o n d i n g / a n t i -  
b o n d i n g  c o m b i n a t i o n s  o f  t h e  m onoca rbony l  MD's.
The p e s  s p e c t r a  a r e  i n t e r p r e t e d  i n  t e r m s  o f  s im p l e  o n e -  
e l e c t r o n  i o n i z a t i o n  e v e n t s .  S e v e r a l  o f  t h e  compounds have  many b a n d s  
w h ic h  e x h i b i t  l i t t l e  o r  no s t r u c t u r e  and w h i c h  m u s t ,  on t h e  b a s i s  o f  
r e l a t i v e  p h o t o n  c r o s s - s e c t i o n s ,  be a d j u d g e d  t o  embrace  two o r  more 
e l e c t r o n  i o n i z a t i o n  e v e n t s .
MONOCARBONYLS
The p e s  o f  dimethyl c a r b o n a t e  i s  shown i n  F i g u r e  1.  The p e s  
o f  e t h y l e n e  c a r b o n a t e  o b t a i n e d  h e r e  1 b i d e n t i c a l  t o  t h a t  o f  S w e l g a r t
g
JSi. S i * » w i t h  t h e  e x c e p t i o n  o f  t h e  l o w e s t - e n e r g y  b a n d .  T h i s  l o w e s t -  
e n e r g y  band  i s  shown i n  F i g u r e  2 ;  a p a r t  f ro m  t h e  e x t r a  r e s o l u t i o n ,  i t  
i s  i d e n t i c a l ,  s h a p e - w i s e ,  t o  t h e  c o r r e s p o n d i n g  band o f  d i m e t h y l  c a r b o n a t e  
found  h e r e  o r  t h e  same band o f  e t h y l e n e  c a r b o n a t e  g i v e n  by  S w e l g a r t
g
e t  a l .
A v i b r o n i c  a n a l y s i s  o f  e t h y l e n e  carbonate  i s  s c h e m a t i z e d  i n  F i g ­
u r e  2 and  i s  d e t a i l e d  i n  T a b l e  I .  T h ree  o r i g i n s  a r e  c l e a r l y  o b s e r v a b l e .  
S t r o n g  p r o g r e s s i o n s  i n  t h e  c a r b o n y l  s t r e t c h i n g  mode a r e  b u i l t  on t h e  
f i r s t  two o r i g i n s .  We a s s o c i a t e  t h e  f i r s t  o r i g i n  w i t h  t h e  0 , 0  band 
o f  t h e  n i o n i z a t i o n  and t h e  second  w i t h  a s e r i e s  o f  s i d e  b a n d s  i n  a 
1160cm * f r e q u e n c y .  The weak o r i g i n  a t  11 .145eV i s  a t t r i b u t e d  t o  a 
tTq  i o n i z a t i o n .  However ,  s i n c e  t h e  two tt i o n i z a t i o n s  a r e  e x p e c t e d  t o
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F igure 2: P h o t o e l e c t r o n  s p e c t r u m  o f  t h e  l o w e s t  e n e r g y  i o n i z a t i o n  
band o f  e t h y l e n e  c a r b o n a t e .
R E L A T I V E COUNT R A T E
TABLE I .
VIBRONIC ANALYSIS OF LOWEST-ENERGY PES BAND 
OF ETHYLENE CARBONATE9
v(eV ) A v(eV )/v Av(eVyv Av(eVyv
1 0 .4 0 -------
10* 5^5 0 . 1 4 5b -------
1 0 .6 3 0 .2 3 / 1
10 .7 9 0 .2 5 / 1
10 .87 0 .4 7 / 2
1 1 .0 3 0 . 4 8 5/ 2
1 1 .0 9 ^ 0 . 6 9 ^ / 3
11.14 ,. —
11 . 215 0 . 6 7 / 3
1 1 .3 3 0 . 9 3 / 4
1 1 .4 2 5 0 . 2 8 / 2
1 1 .5 6 1 . 1 6 / 5 0 . 4 1 . / 35
1 1 .7 6 1 . 3 6 / 6 0 . 6 1 ^ / 4
Av(cra 1) 1840° 1880°
b
1160
The o b s e rv e d  b a n d -h e a d  e n e r g i e s  a r e  d e n o te d  v ;  t h e  f r e q u e n c y  
d i f f e r e n c e s  r e l a t i v e  t o  t h e  s p e c i f i e d  o r i g i n  a r e  d e n o te d  Av; 
t h e  number o f  c o u p le d  v i b r a t i o n a l  q u a n ta  i s  d e n o te d  v .
TABLE I .  
(Continued)
^This frequency probably corresponds to v ,^ ( b , ) ,  which i s  s k e le ta l
l b  1
s tr e tc h  and o c c u r s ^  at 1125-1180cm * in  the ground s ta te .  I t  might
a lso  correspond to  v^q(82 » tw^s t » 1225 in  or to  ^ 7 (^2’
1
s k e le t a l  s tr e tc h ,  1220 in  T^). In any even t, the n o n -to ta l ly  sym­
m etric nature of th is  mode in d ic a te s  e ith e r  that the molecule does not 
have C£v symmetry in  the gas phase or that the v,. mode (a^, s k e le ta l  
s tr e tc h ,  1076cm * in has undergone an increase  of frequency
in  the io n ic  s t a t e s .  It i s  a lso  p o ss ib le  that the 10.54^eV o r ig in  
i s  v ib ron ic;  however, th is  i s  not f e a s ib le  for the 11.14^eV or ig in  
where an actu a l progression in  the 1160cm  ̂ in ter v a l  i s  observable.
CThis i s  the 5 C = 0 s tre tch in g  v ib r a t io n ,  v ( a , ) ,  which o c c u r s^
o 1
at 1810-1870cm  ̂ in the ground s t a t e .
116
be s im ila r  e n e r g e t ic a l ly ,  s in ce  the in tegrated  in t e n s i t y  o f  the band 
in d ic a te s  the presence of three io n iza t io n  ev en ts , and since the 
general band shape leads to  a s im ilar  Inference, a th ird  o r ig in ,  a lso  
a ttr ib u te d  to  the tt̂  io n iz a t io n ,  i s  presumed to  l i e  somewhere in  the 
11.5  - 11.8eV reg ion . The near id e n t i ty  of the corresponding band 
of dimethyl carbonate leads to  s im ilar  con c lu s ion s .
Band en erg ies  are tabulated in  Table I I .
OXALIC ACID
The pes o f  o x a l ic  acid  i s  shown in  Figure 3 (a ) .  Band 
en erg ie s  are c ited  in  Table I I .
A c o r r e la t iv e  diagram based on CNDO/s computations Is  
given in  Figure 4(b) and i s  to  be compared with that based on ex­
periment, Figure 4 (a ) .  Io n iza t io n  en erg ies  are in  good accord with  
computation with regard to number, energy, and the order of  
occurrence.
The source o f  the id e n t i f i c a t io n s  on Figure 4 (a) and, 
hence, the c o r r e la t io n  l in e s  i s  as fo l lo w s:  ( i )  The data and
id e n t i f i c a t io n s  for l^CO and HCOOH are taken, without change, from
9 4Turner ejt a^. and Brundle £ £  aJL, r e s p e c t iv e ly ,  ( i i )  The second
band o f  o x a l ic  acid (1 2 .5  - l3 .5eV ) c o n s is t s  of three io n iza t io n
even ts:  n_ at 12.81eV; n at 12.35eV; and n somewhere in the 13.0 -
fci tr  “
13.4eV reg ion . The reason for th is  inference l i e s  in  the in t e n s i t y
2
o f  the band; In the expected ~2eV separation o f n+ and n e v en ts ,  the 
n ( being supposed to l i e  at 11.20eV; in  the expected near degeneracy of
Figure 3: Photoelectron spectra o f:  (a) o x a l ic  ac id ;  (b)
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the rr  ̂ and even ts;  and in  the great s e n s i t i v i t y  of the even ts  to  
methylation of the acid oxygens, ( i i i )  The n event i s  Id e n t if ied  
as such on the b a s is  of prior a d d i t iv i t y  arguments^ and because o f  
i t s  great s e n s i t i v i t y  to e s t e r i f i c a t i o n .  ( iv )  The n+ assignment 
i s  la r g e ly  co n jec tu ra l .
Apart from s p e c i f ic  assignments and con jectu res , the 
comparison o f Figure 4(a and b) i s  impressive and c o n s t itu te s  a potent 
argument for the assignments given.
ESTERS
The pes of dimethyl oxalate  i s  given in  Figure 3(b) and the 
r e s u l t s  are tabulated in  Table I I .  The band in  the l l-13eV  region i s  
supposed to contain three io n iz a t io n  even ts;  the reasons for th is  sup­
p o s i t io n  are id e n t ic a l  to those given for o x a l ic  acid .
The c o r r e la t iv e  MO diagram of Figure 5(a and b) compares 
CNDO/s and experimental r e s u l t s .  The band id e n t i f i c a t io n s  in the 
10 - 12eV region are quite  secure and are im p ressively  va lid ated  by 
the computational con sid era t ion s . I d e n t i f ic a t io n s  in the higher 
energy region are t e n t a t iv e .  The data and assignments for HCOOCĤ
g
used in  constructing  Figure 5 are taken from Sweigart e t  a l .
The pes o f  diethyl oxa late  i s  shown in  Figure 3(c) and the 
data are tabulated in  Table I I .  The sharp peaks in  the 15 - l7eV 
region are due to  b u t  do not obscure any d e t a i l  in t h is  broad 
spectrum. This spectrum i s  remarkable only for the evidence i t  
provides for  a lk y l re la ted  io n iz a t io n s  in  the 12.5 - 1 4 .5eV reg ion s.
TABLE I I .
IONIZATION POTENTIALS OF CARBONATES AND OXALATES ( I n  eV) 3













11.76 13.40 13.55 15.12 15.51 17.1 17.5 18.2
MO TYPE n




























13.17 13.48 14.56 14.89 16.4 16.8 18.7(7)
DIETHYL OXALATE 
C H OCOCOOC,H
10.19 1 1 .1 1 11.41 <-11.41 12.63 13.19 13.99 16.3 19.0
MO TYPE n+ "© n
g
The n o t a t i o n  (A) f o l l o w i n g  a n  i o n i z a t i o n  e n e r g y  d e n o t e s  a n  a d i a b a t i c  e v e n t ;  t h e  n o t a t i o n  (V) d e n o t e s  a v e r t i c a l  
e v e n t .
F ig u r e  4 : E x p e r i m e n t a l  ( p e s )  and c o m p u t a t i o n a l  (CNDO/s) 
c o r r e l a t i o n  d i a g r a m s  f o r  f o r m a l d e h y d e ,  f o r m ic  a c i d  
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F i g u r e  5: E x p e r i m e n t a l  ( p e s )  and c o m p u t a t i o n a l  (CNDO/s) c o r ­
r e l a t i o n  d i a g r a m  f o r  d i m e t h y l  c a r b o n a t e ,  d i m e t h y l  
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As found  f o r  N - a l k y l a t i o n ,  t h e  e f f e c t s  o f  O - a l k y l a t i o n  
c o n s t i t u t e  a v a l i d  means o f  d i s t i n g u i s h i n g  b e tw e e n  n and 17q  i o n i z a t i o n  
e v e n t s .  The r e s u l t s  a r e  g i v e n  i n  T a b l e U I  where t h e y  a r e  compared 
w i t h  t h e  a v a i l a b l e  c o m p u t a t i o n a l  d a t a .  The tt̂  e v e n t s  a r e  s e e n  t o  be 
c o n s i d e r a b l y  more s e n s i t i v e  t o  O - a l k y l a t l o n ,  t h i s  c o n c l u s i o n  i s  
a l s o  i n  a c c o r d ,  i n  a q u a l i t a t i v e  way,  w i t h  c o m p u t a t i o n a l  r e s u l t s .
These  d i f f e r e n t i a l  a l k y l a t i o n  e f f e c t s  a r e  a l s o  m a n i f e s t  i n  a d e c r e a s e  
o f  t h e  e n e r g y  d i f f e r e n c e  I ( iTq ) -  l ( n +) ,  w h ic h  i s  i n  r e m a r k a b l e  a c c o r d  
w i t h  t h e  c o m p u t a t i o n a l  r e s u l t s .
TABLE H I .
DIFFERENTIAL EFFECTS OF ESTERIFICATION ON THE IONIZATION 









expt c a lc expt ca lc expt
AI(n+) — -0 .9 0 -0 .3 2 -1 .0 1
AICHq) — -1 .3 9 0 .39 -1 .7
- - -1 .51 -0 .6 5 -1 .8 4
I ( t y  - I (n +) 1.61 1.37 1.12 1.26 0 .92
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T h i s  c h a p t e r  c o n t i n u e s  a p r e v i o u s  i n t e r e s t  i n  t h e  u s e  o f
1 2  3a c o m p o s i t e  m o l e c u l e  a p p r o a c h  ’ and o f  N“m e t h y l a t i o n  e f f e c t s  i n
a s s i g n i n g  p h o t o e l e c t r o n  s p e c t r a  o f  c a r b o n y l - c o n t a i n i n g  m o l e c u l e s .
4
The m o l e c u l e s  o f  c o n c e r n  h e r e  a r e  r e l a t e d  t o  p y r u v i c  a c i d  and  
a r e  o f  type  CH^COX w he re  X = -COCH^, -COOH, -COOCH3 and CONH2 . 
These  may be v iew ed  a s  c o m p o s i t e s  o f  a c e t a l d e h y d e  and  HX where  
X i s  d e f i n e d  a b o v e .
P r e v i o u s  a s s i g n m e n t s  f o r  f o r m a l d e h y d e , ^  a c e t o n e  ^ and 
a c e t i c  a c i d ^  a r e  c o n f i r m e d  by t h e  CNDO/s c o m p u t a t i o n s  o f  t h e  
p r e s e n t  work and a r e  a c c e p t e d  and used  a s  a b a s i s  f o r  o u r  c o r ­
r e l a t i v e  e f f o r t s .  The MO n o t a t i o n  u se d  h e r e  has  b e e n  d i s c u s s e d  
1 2p r e v i o u s l y  * and w i l l  n o t  be e l a b o r a t e d  f u r t h e r .  The p h o t o ­
e l e c t r o n  s p e c t r a  o f  t h e  c v - d i c a r b o n y l s  t e n d  t o  be  crowded and 
r a t h e r  u n i n f o r m a t i v e  a t  h i g h e r  e n e r g i e s .  Hence ,  t h e  o n l y  pes  
a s s i g n m e n t s  i n  t h e s e  m o l e c u l e s  i n  w h ic h  we h a v e  f a i t h  a r e  t h o s e  
p e r t a i n i n g  t o  n , tt tt and n i o n i z a t i o n s ,  a l l  o f  w h i c h  o c c u r  
i n  t h e  lower  i o n i z a t i o n  e n e r g y  r e g i m e .  H ig h e r  i o n i z a t i o n  e n e r g y  
a s s i g n m e n t s  a r e  p r o v i d e d  i n  t h e  v a r i o u s  c o r r e l a t i o n  d i a g r a m s  bu t  
t h e s e  must  be v iew ed  a s  h i g h l y  t e n t a t i v e .
EXPERIMENTAL AND COMPUTATIONAL
I n s t r u m e n t a t i o n  and t e c h n i q u e s  f o r  t h e  s t u d y  o f  b o t h
2 4 8s o l i d  and l i q u i d  s a m p le s  have  b e e n  d e s c r i b e d  p r e v i o u s l y .  * ’
A c e t a l d e h y d e  ( M a l l i n c k r o d t )  and a c e t a m i d e  (MCB) were
used  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  B i a c e t y l  (MCB), 2 , 3 - b u t a n e d i o n e ,
was  vacuum d i s t i l l e d  t w i c e .  P y r u v i c  a c i d  ( A l d r i c h )  was vacuum
d i s t i l l e d  t w i c e  b u t  w a t e r  r e m a in e d  a s  an  i m p u r i t y .  Py ruvamide
and m e t h y l p y r u v a t e  p u r i f i c a t i o n s  a n d / o r  p r e p a r a t i o n s  a r e  d e s -  
9
c r i b e d  e l s e w h e r e .
S e m i - e m p i r i c a l  CNDO/s-CI c a l c u l a t i o n s  w ere  c a r r i e d  o u t  
f o r  a c e t a l d e h y d e ,  a c e t o n e ,  a c e t i c  a c i d ,  b i a c e t y l ,  p y r u v i c  a c i d ,  
m e t h y l  p y r u v a t e  and pyruvamide  a t  g e o m e t r i e s  a p p r o p r i a t e  t o  t h e i r  
g round  s t a t e s .
RESULTS
P r e v i o u s  a s s i g n m e n t s  o f  p e s  i o n i z a t i o n  e v e n t s  have  been
b a s e d  upon i o n i z a t i o n  band  e n e r g i e s ,  band i n t e n s i t i e s  and t h e
v i b r o n i c  s t r u c t u r e  a s s o c i a t e d  w i t h  a g i v e n  b a n d .  O t h e r  m ethods
h a v e  a l s o  p r o v e n  s u c c e s s f u l  i n  t h e  a s s i g n m e n t  o f  p e s  b a n d s :
N - m e t h y l a t i o n  ( N - a l k y l a t i o n )  i n  t h e  o xam ides  and p a r a b a n i c  
3
a c i d s  and O - a l k y l a t i o n  ( e s t e r i f i c a t i o n )  i n  t h e  c a r b o n a t e s  and 
8
o x a l a t e s .  I n  t h i s  w o rk ,  t h e  a s s i g n m e n t !  o f  s p e c i f i c  ba nds  o f  
t h e  u n s y m m e t r i c  o ' - d i c a r b o n y l s  a r e  made w i t h  t h e  a i d  o f  c o r ­
r e l a t i v e  schemes  and by  c o m p a r i s o n  w i t h  CNDO/s c o m p u t a t i o n s  
w h i c h  w i l l  be d i s c u s s e d  l a t e r .
The pes  o f  a c e t a l d e h y d e  and b i a c e t y l  a r e  shown i n  
F i g u r e  1 and t h o s e  o f  a c e t a m i d c ,  p y r u v a m i d e ,  m e t h y l  p y r u v a t e  and 
p y r u v i c  a c i d  a r e  shown i n  F i g u r e  2 .  I o n i z a t i o n  e v e n t s  and t h e i r  
a s s i g n m e n t s  a r e  t a b u l a t e d  i n  T a b l e  I .
The m o n o c a r b o n y l s ,  a c e t a l d e h y d e  and  a c e t a m i d e ,  and t h e i r  
o ' - d i c a r b o n y l  c o u n t e r p a r t s ,  b i a c e t y l  and pyruvamide,  e x h i b i t  r e ­
s o l v a b l e  v i b r o n i c  s t r u c t u r e  i n  t h e i r  n and n_ b a n d s ,  r e s p e c t i v e l y .  
T h e s e  h i g h - r e s o l u t i o n  v i b r o n i c  s p e c t r a  a r e  shown i n  F i g u r e  3 and 
t h e  o b s e r v e d  v i b r a t i o n a l  p r o g r e s s i o n s  a r e  t a b u l a t e d  i n  T a b l e  I I .
The n MO’s o f  t h e  c v - d i c a r b o n y l s  a r e  a n t i b o n d i n g  b e tw e en  t h e  
c a r b o n - c a r b o n  c e n t e r s  and  a p p e a r  t o  behave  much a s  would two 
i s o l a t e d  m o n o c a r b o n y l s  ( i . e . ,  a s  an  n o r b i t a l ) ;  h e n c e ,  t h e  p r e s e n c e












Figure 2: Pes spectra o f  (a) acetamide, (b) pyruvamide 
methyl pyruvate and (d) pyruvic ac id .
RELATIVE COUNT RATE
TABLE I .
IONIZATION POTENTIALS OF MONO- AND a-DICARBONYLS ( in  eV)a
MOLECULE IP(1) IP(2) IP(3) IF (4 ) IPC5) IP (6) IP (7) IP(8) IP{9) IP(IO) IP (1 I) IP(12)
ACETALDEHYBE 10.20(A,V) 12.61(A)










BIACETYL 9.55 11.46(A rV) 13.20 13.63 14.7 3 16.03 16. 55 17.46
CH COCOCH
MO TYPE n n t t TT+ “ +
PYRUVAKLDE 9.71 10.68 11 .48 13.01 13.88 14.11 15.11 15.54 15.76 16.46 17.71 18 .83(7)
CH COCOHH
MOTYPE n T T _ n TT TT+ 0 - ” +
METHYL PYRUVATE 9 .88 11.53 11.66 13.04 14.02 14.51 15.42 16.74 18.54
CH COCOOCH
M03TYPE 3 n n n TT+ C +
PYRUVIC ACID 10.92 12.31 12.42 13.79 15.16 15.64 16.63 17.59
CH.COCOOH
MO TYPE n V n TT TT+ +
aThe n o ta t io n  (A) fo llo w in g  an io n iz a t io n  energy d en o tes  an a d ia b a t ic  e v e n t ;  th e  n o ta t io n  (V) d en o tes a v e r t i c a l  e v e n t.
Figure 3: High r e so lu t io n  pes o f (a ,b )  acetaldehyde, (c) acetamide 
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TABLE I I .
VIBRONIC CHARACTERISTICS OF VARIOUS PES BANDS OF 
MONO- AND ry-DICARBONYLS
MOLECULE CH3CHO ch3cococh3 CH3C0NH2 ch3coconh2
MO Type n " 0 n n n
Number of
Vibronic Peaks 7 7 5 6 5 /6
~  *1 vAy(cm ) 1303 1230 1506 1400 1482
~  -1 
v (cm ) I 7 4 f 1 4 4 f  ‘
CMr-*H 1 7 2 ^ 17 25C
in  Tj
dV 0 5 0 3 1
G. Herzberg, "Electronic Spectra of Polyatomic M olecules,"  Van Nostrand 
Reinhold Co., 1966.
r_
S. T. King, Spectrochim. A cta. 28A. 165(1972).
°M, O ki and M. H i r o t a ,  B u l l .  Chem. Soc .  J a p a n . 3 4 . 3 7 4 (1 9 6 0 ) .
^The number of quanta o f the carbonyl s tre tch in g  mode which, superposed 
on I ( v e r t i c a l ) ,  y ie ld s  I ( a d ia b a t lc ) .
of v ib ron ic  s tru c tu re . The n+ bands o f the cf-dicarbonyls u su a lly
g
do not e x h ib i t  v ib ron ic  structure  for reasons d iscussed  prev iously .  
The only other pes band to  e x h ib it  v ibronic  structure  was the "O 
band o f acetaldehyde.
The second low est-energy pes bands o f methyl pyruvate and 
pyruvic acid ex h ib it  no structure and must, on the b as is  o f  
r e la t iv e  photon c r o s s - s e c t io n s ,  be adjudged to  embrace two d i s t in c t  
io n iz a t io n  even ts .
DISCUSSION
The in s e r t io n  o f another carbonyl group in to  acetamide 
i s  demonstrated in  the photoelectron spectrum o f  pyruvamide in  
Figure 2. The n and io n iz a t io n s  o f  acetamide are contained in  
the f i r s t  pes band whereas in  pyruvamide a c lea r  s p l i t t i n g  occurs  
in to  three bands: the io n iz a t io n  bracketed on both s id es  by
the n+ and n events which a r is e  from in te r a c t io n  o f  the two 
carbonyl n even ts .
E s t e r i f ic a t io n  of the carboxyl group o f  the ac ids  de-
g
creases  I (n +) ,  os expected , but decreases I (nQ) more, so that  
the ” l ( n () s p l i t  decreases . The r e s u l t s  for pyruvic a c id ,
methyl pyruvate and other o'-dicarbonyls are shown in  Table I I I .  
where they are compared witli computational r e s u l t s .  Some l ( n  ) - I ( n +) 
s p l i t t i n g s  are a ls o  shown in  Table i n .  The agreement with the 
computational r e s u l t s  i s  gen era lly  good.
The I  ( t t  ) and I ( t t  ) id e n t i f i c a t io n s ,  where g iven , are + “
n o t  v e r y  s e c u r e .  These  i d e n t i f i c a t i o n s  a r e  b a s e d  l a r g e l y  on 
b a r y c e n t e r  c o n s i d e r a t i o n s  w h ich  i n f e r ,  f o r  e x a m p l e ,  t h a t  I ( tt )  
f o r  an  u nsym m e tr ic  Q ' - d i c a r b o n y l  i s  one h a l f  t h e  sum o f  t h e  
I ( tt_ )  i o n i z a t i o n  e v e n t s  i n  t h e  two c o r r e s p o n d i n g  sy m m e t r i c  
r y - d i c a r b o n y l s .  S i n c e  t h e  v a r i o u s  tt i o n i z a t i o n  e n e r g i e s  a r e  
s i g n i f i c a n t l y  d e p e n d e n t  on Llie n "bond pnLli" and t h i s  pa Lb
TABUS I I I .
SEPARATION OF LCW ENERGY PES BANDS OF 
cy-DICARBONYLS ( i n  eV)
MOLECULE n - n tt - n“ + +
BIACETYL Expt 1.91
Calc 2.01
PYRUVAMIDE Expt 1.71 0.97
Calc 2 .18 1.16
METHYL PYRUVATE Expt 1.78 1.65
Calc 2 .14 1.69
PYRUVIC ACID Expt 2.00 1.89
Calc 2.16 1.99
i s  very dependent on the attached s u b s t i tu e n ts ,  I t  i s  c lea r  that  
t h i s  barycenter a t t i t u d e  i s  not a very good approach to such 
io n iz a t io n  e n erg ie s .
BIACETYL
A c o rre la t io n  diagram for b ia c e ty l  constructed using  
CNDO/s computations i s  shown in  Figure 4, where i t  i s  compared 
w ith  one based upon experiment. There are two poin ts  of note 
concerning the computational diagram. F i r s t l y ,  the tTq MO's of  
the methyl d e r iv a t iv e s  are h ea v ily  admixed with the tt MO o f  
formaldehyde and, as a r e s u l t ,  the tt^ su b scrip tin g  merely in d i ­
ca te s  that these MO’s possess  some amplitude on the methyl groups; 
a d d it io n a l ly ,  s ince  ofn se p a r a b i l i ty  i s  not rigorous in  these  
compounds, even the n notation  has an ambiguous meaning. Secondly, 
the in vers ion s  between acetone and b ia c e ty l  are no ta tion a l
a r t i f a c t s  a ssoc ia ted  with the c iso id  nature o f  acetone and the 
transoid  nature of b ia c e ty l .
The experimental part of Figure 4 was constructed as
f o l l o w s :  The n - a s s i g n m e n t  f o r  a c e t a l d e h y d e  f o l l o w s ,  by  v i r t u e
o f  i n t e r m e d i a c y ,  f rom  t h o s e  o f  f o r m a ld e h y d e  and b i a c e t y l .  The
n_ a s s i g n m e n t  i n  b i a c e t y l  f o l l o w s  d i r e c t l y  f rom t h e  p r e s e n c e  o f
t h e  :C=0  s t r e t c h i n g  a c t i v i t y  e x h i b i t e d  i n  t h i s  b a n d .  G iven  t h i s ,
as w e l l  as the usual ~2eV spearation of n ( and n bands in  the 
1
fy-dicarbonyls, the n ( being o f lower io n iza t io n  energy, the n ( 
assignment fo llow s immediately.
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F i g u r e  4 :  C o r r e l a t i o n  o f  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t s  f o r  
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The l o w e s t - e n e r g y  i o n i z a t i o n s  a r e  i d e n t i f i e d  r e l a t i v e l y  
s e c u r e l y  i n  a l l  compounds.  However,  a l l  o t h e r s ,  i n c l u d i n g  i t  o f
b i a c e t y l ,  a r e  t e n t a t i v e  and j u s t i f i e d  o n l y  by  c o m p a r i s o n  w i t h  t h e
r e l a t i v e  t o  I  ( tt̂ )  o f  a c e to n e  I s  e x p e c te d  on a  q u a l i t a t i v e  b a s i s
b e c a u s e  t h e  m e t h y l  g r o u p s  o f  b i a c e t y l  a r e  " n e a r l y  a s  I s o l a t e d "  a s  
t h e  s i n g l e  m e th y l  g r o u p  o f  a c e t a l d e h y d e .
METHYL PYRUVATE
The CNDO/s c o r r e l a t i o n  d i a g r a m  f o r  m e t h y l  p y r u v a t e ,  
t a k e n  a s  i n t e r m e d i a t e  t o  a c e t a l d e h y d e  and m e t h y l  f o r m a t e ,  i s
shown i n  F i g u r e  5. The e x p e r i m e n t a l  c o r r e l a t i o n  c u rv e  u s e s
2 7p r e v i o u s  a s s i g n m e n t s  f o r  a c e t a l d e h y d e  and m e th y l  f o r m a t e  w h ic h
a r e  r e l a t i v e l y  s e c u r e .  The l o w e s t - e n e r g y  pe s  band o f  m e th y l
p y r u v a t e  i s  c l e a r l y  n ^  on t h e  b a s i s  o f  c o m p a r i s o n s  w i t h  b o t h
b i a c e t y l  and p y r u v i c  a c i d .  The second  p e s  band o f  m e t h y l  p y r u v a t e
m u s t ,  on t h e  b a s i s  o f  r e l a t i v e  i n t e n s i t y ,  c o n t a i n  two i o n i z a t i o n
e v e n t s ;  t h e s e ,  no d o u b t ,  a r e  t h e  tTq  e v e n t  a s s o c i a t e d  w i t h  t h e
-OCH^ g r o u p i n g  and t h e  n e v e n t .  C o r r e l a t i o n  w i t h  t h e  tTq  e v e n t
a s s o c i a t e d  w i t h  t h e  -CH^ g roup  o f  a c e t a l d e h y d e  e s t a b l i s h e s  t h e
1 3 . leV  band o f  m e t h y l  p y r u v a t e  a s  a r e l a t e d  e v e n t .  The s i n g l e  n
i d e n t i f i c a t i o n  i n  m e t h y l  p y r u v a t e  i s  b a s e d  s o l e l y  on a d d i t i v i t y
a t t i t u d e s ;  i t  s h o u ld  be  c o n s i d e r e d  t e n t a t i v e .
r e s u l t s  o f  t h e  CNDO/s c o r r e l a t i o n s b l a c e t y l
F i g u r e  5:  C o r r e l a t i o n  o f  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t s  f o r  




















/ \  
/  » 
* i
/o=» ?1



















/  3  
!  *
O 
3: \  














P y r u v a m i d e ,  v iew e d  a s  an  i n t e r m e d i a t e  b e tw e e n  oxamide 
and b i a c e t y l ,  i s  c o r r e l a t e d  w i t h  t h e s e  m o l e c u l e s  i n  F i g u r e  6 .
I n  v i e w  o f  t h e  n o n - p l a n a r i t y  o f  two o f  t h e s e  m o l e c u l e s  t h e
t t / c t  and + / -  d i f f e r e n t i a t i o n s  a r e  n o t  s t r i c t l y  v a l i d .  The n , n ,
*4* “
tTq  and tt^  d e s i g n a t i o n s  a r e  q u i t e  s e c u r e .  The tt_ and tt+  
i d e n t i f i c a t i o n s  have  l i t t l e  e x p e r i m e n t a l  j u s t i f i c a t i o n  a p a r t  
f rom  t h e  f a c t s  t h a t  bands  do o c c u r  a t  t h e  s p e c i f i e d  l o c a t i o n s  
and t h a t  s i m i l a r i t i e s  t o  t h e  CNDO/s c o r r e l a t i o n  d i a g r a m s  do 
e x i s t .
A seco n d  c o r r e l a t i o n  d i a g r a m  f o r  p y r u v a m i d e ,  now 
v i e w e d  a s  a c o m p o s i t e  o f  a c e t a l d e h y d e  and a c e t a m i d e ,  i s  g i v e n  
i n  F i g u r e  7 .  Those a s s i g n m e n t s  made i n  F i g u r e  7 a r e  v i n d i c a t e d  
by  t h e  c o r r e l a t i o n s  o f  F i g u r e  6 .
PYRUVIC ACID
P y r u v i c  a c i d ,  v iew ed  a s  a c o m p o s i t e  o f  a c e t i c  a c i d  and 
a c e t a l d e h y d e ,  i s  c o r r e l a t e d ,  f rom CNDO/s c o m p u t a t i o n a l  and e x p e r i ­
m e n t a l  p o i n t s  o f  v i e w ,  i n  F i g u r e  8 . Only  t h e  n . n a n d  tt and tt_+ “ feJ rr
a s s i g n m e n t s  o f  p y r u v i c  a c i d . a r e  j u s t i f i e d  i n  a n  e x p e r i m e n t a l  
s e n s e .  The tt a s s i g n m e n t  f o r  p y r u v i c  a c i d  i s  c o r r e l a t i v e  o n l y  
and q u i t e  c o n j e c t u r a l .
cy-DICARBONYLS
A c o r r e l a t i v e  d i a g r a m  f o r  a few ry- d i c a r b o n y l s  s t u d i e d  i n  
t h i s  work i s  shown i n  F i g u r e  9.
F i g u r e  6 : C o r r e l a t i o n  o f  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t  f o r  
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F i g u r e  7*. C o r r e l a t i o n  o f  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t s  f o r  
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F i g u r e  8 : C o r r e l a t i o n  o f  e x p e r i m e n t a l  and  c o m p u t a t i o n a l  r e s u l t s  f o r  















F i g u r e  9 :  C o r r e l a t i o n  o f  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t s  f o r
o x a l i c  a c i d ,  p y r u v i c  a c i d ,  b i a c e t y l ,  m e t h y l  p y r u v a t e  and 
d i m e t h y l  o x a l a t e .
0 0 0 0 o
H0CC0H CH.CCOH CH-CCCH, CH.C COCH, CH .O CCO CH ,II 3 ii s ^ii 3 s n 3
0 0  0  0  0
CH.OC COCH.CH.C COCH.
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INTRODUCTION
P r e v i o u s  d i s c u s s i o n  i n  t h i s  work h a s  a t t e m p t e d  t h e  a s s i g n ­
ment  o f  p e s  s p e c t r a  o f  c a r b o n y l - c o n t a i n i n g  m o l e c u l e s  u s i n g  a com-
1 2 p o s i t e  m o l e c u l e  a p p r o a c h  a s  w e l l  a s  N - m e t h y l a t i o n  and O - a l k y l a t i o n
( e s t e r i f i c a t i o n )  e f f e c t s .  The m o l e c u l e s  o f  c o n c e r n  h e r e  a r e  o x a l y l
c h l o r i d e  (OXCL), e t h y l  o x a l y l  c h l o r i d e  (EOCL), e t h y l  oxam a te  (EONH^)
and N , N ' - d i m e t h y l  e t h y l  oxamate  (DMEOX). The p h o t o e l e c t r o n  s p e c t r a
o f  t h e s e  m o l e c u l e s  w i l l  be d i s c u s s e d  w i t h i n  t h e  c o n t e x t  o f  t h e  
1 2  3above  a p p r o a c h  * ’ and an  a s s i g n m e n t  o f  t h e  i o n i z a t i o n  e v e n t s  i n  
t h e i r  c o m p l i c a t e d  s p e c t r a  w i l l  be e s s a y e d .
P r e v i o u s  a s s i g n m e n t s  f o r  i o n i z a t i o n  e v e n t s  i n  o x a l i c
a c i d , ^  e t h y l  o x a l a t e , " *  o x a m i d e , ^  oxamic  a c i d , ^  N ^ N ' . N ' - t e t r a -
2 5
m e t h y lo x a m id e  and  p h o s g e n e  a r e  a c c e p t e d  and c o n s t i t u t e  the
b a s i s  f o r  t h e  p r e s e n t  c o r r e l a t i v e  e f f o r t s .  An MO n o t a t i o n  a p ­
p r o p r i a t e  t o  a d i s u b s t i t u t e d  , y - d i c a r b o n y l  ( e . g . ,  t h e  oxamide
1
sy s te m )  i s  u sed  h e r e .  T h i s  n o t a t i o n  h a s  b e e n  d i s c u s s e d  p r e v i o u s l y .
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EXPERIMENTAL
I n s t r u m e n t a t i o n  and t e c h n i q u e s  f o r  t h e  s t u d y  o f  b o t h
2 4s o l i d  and l i q u i d  s a m p l e s  have  b e e n  d e s c r i b e d  p r e v i o u s l y .  ’ E t h y l  
o x a l y l  c h l o r i d e  (MCB), o x a l y l  c h l o r i d e  (MCB), e t h y l  oxamate  
( A l d r i c h )  and N , N - d i m e t h y l  e t h y l  oxam a te  ( B a k e r )  w e re  u s e d  a s  
r e c e i v e d .
RESULTS
The p e s  o f  o x a l y l  c h l o r i d e  i s  shown i n  F i g u r e  1. The s p e c t r a
o f  oxam ic  a c i d ,  e t h y l  o x a m a te ,  e t h y l  o x a l y l  c h l o r i d e  and N ,N -d i -
m e th y l  e t h y l  oxam ate  a r e  shown i n  F i g u r e  2 . I o n i z a t i o n  e v e n t s  and
t h e i r  a s s i g n m e n t s  a r e  t a b u l a t e d  i n  T a b le  I .
O x a ly l  c h l o r i d e ,  e t h y l  oxam ate  and N ,N -d im e th y l  e t h y l
oxam ate  e x h i b i t  v i b r o n i c  s t r u c t u r e  i n  t h e  n i o n i z a t i o n  b a n d ;  th e
o b s e rv e d  v i b r a t i o n a l  s p a c i n g s  a r e  c i t e d  i n  T a b le  I .  The n MO's
o f  t h e  a - d i c a r b o n y l s  u s u a l l y  e x h i b i t  v i b r o n i c  s t r u c t u r e ,  a n  ob-
2
s e r v a t i o n  w h ic h  h a s  b e e n  d i s c u s s e d  p r e v i o u s l y .  The n bands  o f
2
t h e  a - d i c a r b o n y l  u s u a l l y  do n o t  e x h i b i t  v i b r o n i c  s t r u c t u r e .
The se co n d  l o w e s t - e n e r g y  p e s  band  o f  o x a l y l  c h l o r i d e  
e x h i b i t s  v i b r o n i c  s t r u c t u r e  on t h e  h i g h - e n e r g y  s i d e ;  how ever ,  
on t h e  b a s i s  o f  r e l a t i v e  p h o to n  c r o s s - s e c t i o n s ,  t h i s  band m u st  be 
a d ju d g e d  t o  c o n t a i n  f i v e  d i s t i n c t  i o n i z a t i o n  e v e n t s .  The l o w e s t -  
e n e r g y  band o f  N ,N -d im e th y l  e t h y l  oxam ate  m u s t ,  on t h e  b a s i s  o f  
p h o to n  c r o s s - s e c t i o n s  and v i b r o n i c  s t r u c t u r e ,  c o n t a i n  two i o n i ­
z a t i o n  e v e n t s .  The t h i r d  band  o f  e t h y l  oxam ate  i s  s u p p o s e d ,  f o r  
s i m i l a r  r e a s o n s ,  t o  c o n t a i n  two i o n i z a t i o n  e v e n t s .
























F i g u r e  2 :  Pes s p e c t r a  o f  ( a )  oxam ic  a c i d ;  ( b )  e t h y l  oxam ate  
( c )  e t l i y l  o x a l y l  c h l o r i d e  and (d )  N ,N -d im e th y l  














IONIZATION POTENTIALS OF UNSYMMETRIC \-DICARBONYLS ( i n  eV)a
I d ) 1(2) 1(3) 1(4) K 5 ) 1(6) 1(7) 1(8) 1(9) I<10) 1(11) K 12)
OXALYL CHLORIDE l l .2 6 ( V ) 12. 36 12.66 12. 59 13.42 1 J .6 6 14.86 15.09 15.23 16.1 17.2 18 .4
CXCOCOCI n
\ i b 1900cm'1
MO TYPE n TT0 c n
ETHYL OXALYL CHLORIDE 10.77 11.73 12.26 12. 76 12.S3 13,77 14.72 15.85 16.4 17.0 19,0
C^OCOCOCI
HO TYPE n+ T?e " 0 n
ETHYL OXAMATE 9.35 10.57 11.40 11.73 12.60 13. 15 13.80 14.2 14. 7 15.1 16.45 I S . 3
c2h5ococonh2
1400cm ^Vv ib
MO TYPE n + n 0 n
N.N-DIHETHYL ETHYL OXAMATE 9.31 11.09 12.4
c2h5ococon(ch3)2
1400cm ^Vv ib
MO TYPE n ,r.+ © or re
aThe n o t a t i o n  (A) fo l lo w in g  an i o n i z a t i o n  energy d e n o te s  an a d i a b a t i c  event ; the  n o t a t i o n  (V) de n o te s a v e r t i c a l e v e n t . The e n e r g i e s quoted in  cm ^ under v .. d eno te s  v ib




The o - d i c a r b o n y l  c o u n t e r p a r t  o f  p h o s g e n e  i s  o x a l y l  
c h l o r i d e  and  t h e  a s s i g n m e n t s  o f  Chadw ick^ f o r  t h e  fo rm e r  a r e  u s e d ,  
w i t h o u t  c h a n g e ,  i n  d r a f t i n g  t h e  e x p e r i m e n t a l  c o r r e l a t i o n  d ia g r a m  
o f  F i g u r e  3.
The i o n i z a t i o n  e v e n t  i n  t h e  13 .4eV  r e g i o n  o f  o x a l y l  
c h l o r i d e  h a s  b e e n  a s s i g n e d  t o  rem o v a l  o f  an  e l e c t r o n  f rom  t h e  n_
MO. Two c r i t e r i a  have  b e e n  u s e d  f o r  t h i s  a s s i g n m e n t :
( i )  The o b s e r v a t i o n  o f  v i b r a t i o n a l  s t r u c t u r e ,  mean 
s p a c i n g  1900cm i s  t y p i c a l  o f  n p e s  b a n d s ;  a d d i t i o n a l l y ,  t h i s  
s p a c i n g  c o r r e s p o n d s  t o  t h a t  o f  a > C = 0  s t r e t c h i n g  mode.
( i i )  A s e p a r a t i o n  o f  ~2eV f o r  t h e  n ^ / n  e v e n t s  i s  c o n ­
s i s t e n t  w i t h  t h a t  found  i n  o t h e r  a - d i c a r b o n y l s .
The i o n i z a t i o n  e v e n t  a t  ~ 1 4 .4  h a s  b e e n  a s s i g n e d  t o  th e  
tt-MO, s im p ly  b e c a u s e ,  i n  s t r u c t u r e  and  i n  s h a p e ,  i t  i s  s i m i l a r  t o
o t h e r  T T - io n iz a t io n  e v e n t s  o b s e rv e d  f o r  a v a r i e t y  o f  o t h e r
t v - d i c a r b o n y l s . ^
The i n t e n s e  band  o f  e t h y l  o x a l y l  c h l o r i d e  when c o r r e l a t e d  
w i t h  t h e  p e s  s p e c t r a  o f  d i e t h y l  o x a l a t e  and  o x a l y l  c h l o r i d e ,  e x h i b i t s  
a tTq  i o n i z a t i o n  e v e n t  a s s o c i a b l e  w i t h  t h e  e th o x y  g r o u p .
3
E s t e r i f i c a t i o n  o f  a c a r b o x y l  g r o u p ,  a s  p r e v i o u s l y ,
c a u s e s  a s h i f t  o f  i o n i z a t i o n  e n e r g i e s ,  t h o s e  o f  tt̂  ty p e  b e in g  m ost
s e n s i t i v e .  T h is  e f f e c t  i s  p r e s e n t  i n  t h e  e t h y l  e s t e r  o f  oxam ic  a c i d ,
t h e  and I ( n _ )  e v e n t s  a r e  no  l o n g e r  d e g e n e r a t e  a s  i n  oxam ic  a c i d ,
F i g u r e  4 .
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F i g u r e  3 :  E x p e r im e n ta l  c o r r e l a t i o n  d i a g r a m  f o r  p h o s g e n e ,  o x a l y l  
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F i g u r e  4 :  E x p e r im e n ta l  c o r r e l a t i o n  d ia g r a m  f o r  ox am id e ,  oxam ic  
a c i d ,  e t h y l  o x a m a te ,  N ,N -d im e th y l  e t h y l  oxam ate  and 
e t h y l  o x a l a t e .
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N - m e t h y l a t i o n  h a s  p r o v e n  t o  be a n  e f f e c t i v e  means o f  
c o n f i r m i n g  t h e  p r e s e n c e  o f  rr^  i o n i z a t i o n  e v e n t s  a s s o c i a b l e  w i t h  
t h e  am ine g r o u p .  The u s e  o f  t h i s  t e c h n i q u e  i s  i l l u s t r a t e d  by 
C2 H^OCOCON(CH2 ) 2  i-n F i g u r e  4 .  The tTq MO a s s o c i a t e d  w i t h  t h e  
-N(CH_)„ g ro u p  and t h e  n MO become c o n c i d e n t  upon  N - m e t h y l a t i o n .J £ T
The se co n d  l o w e s t - e n e r g y  band o f  N ,N -d im e th y l  e t h y l
o xam ate  i s  somewhat p u z z l i n g .  I t  a p p e a r s  t o  c o n t a i n ,  i n  t e rm s
o f  r e l a t i v e  c r o s s - s e c t i o n s ,  o n l y  one i o n i z a t i o n  e v e n t .  T h is
i o n i z a t i o n  e v e n t  can  be su p p o sed  t o  r e p r e s e n t  rem o v a l  o f  an
e l e c t r o n  from  t h e  MO o f  t h e  g ro u p  i f ,  c o r r e s p o n d i n g l y ,
t h e  1 2 .4  band i s  a s s i g n e d  t o  a n i o n i z a t i o n  e v e n t .  However, t h i s
a s s ig n m e n t  p l a c e s  t h e  n+/ n  s e p a r a t i o n  a t  ~3eV, w h ic h  v i o l a t e s  t h e
~2eV r u l e  e n g e n d e re d  by e x p e r i e n c e .  I f ,  on t h e  o t h e r  h a n d ,  t h e
2eV r u l e  i s  in v o k e d ,  th e  11 .2eV  band m ust be a s s i g n e d  t o  t h e  n
e v e n t .  As a c o n s e q u e n c e ,  t h e  9 .3 1 e V  band may be s u p p o s e d  t o
c o n t a i n  t h r e e  i o n i z a t i o n  e v e n t s  ( i . e . ,  n and tt ) o r  t h e
12 .4eV  band may be a t t r i b u t e d  t o  t h e  tTq  (-(X ^H ,.)  i o n i z a t i o n
e v e n t .  I t  i s  d i f f i c u l t  t o  make a n y  r e a s o n a b l e  d e c i s i o n  on
2 3t h i s  p o i n t .  However, th e  g e n e r a l  r u n  o f  o u r  e x p e r i e n c e  * would 
i n d i c a t e  t h e  c o r r e l a t i o n  g i v e n  i n  F i g u r e  4 ,  i t  b e in g  e m p h a s iz e d  
t h a t ,  f o r  t h i s  one s y s te m ,  wc have  c h o s e n  t o  n e g l e c t  t h e  pes  
i n t e n s i t y  d a t a .
The t o t a l i t y  o f  a s s i g n m e n t s  made i n  t h i s  w ork  a r e  c o n ­
t a i n e d  i n  F i g u r e s  3 and  4 and T a b le  1 . The o n l y  compound i n  
w h ic h  any  a m b i g u i t y  o c c u r s  i s  N ,N -d im e th y l  e t h y l  oxam ate  a n d ,
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■*"J. L . M eeks, H. J .  M aria  and S. P .  McGlynn, t o  be 
p u b l i s h e d .
2
J .  L . Meeks and S. P, McGlynn, t o  be p u b l i s h e d .
3
J .  L. Meeks and S. P . McGlynn, t o  be p u b l i s h e d .
4
J .  L. M eeks, J .  F. A r n e t t ,  D. B. L a r s o n  and S. P . McGlynn, 
t o  be p u b l i s h e d .
5
D. Chadw ick , Can. J .  Chem. . 50 . 7 3 7 ( 1 9 7 2 ) .
CHAPTER V I I I .
SUMMARY
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T h is  w ork  su m m arizes  t h e  p h o t o e l e c t r o n  s p e c t r o s c o p i c  
r e s u l t s  f o r  a l a r g e  num ber o f  m ono-,  cv-di-  and  t r i c a r b o n y l  
com pounds. The a s s i g n m e n t s  w h ic h  a r e  g i v e n  f o r  t h e  v a r i o u s  p e s  
b a n d s  a r e  b a s e d  l a r g e l y  on a c o m p o s i te  m o le c u le  a p p r o a c h .  F o r  
e x a m p le ,  u r e a  may be v iew ed  a s  a c o m p o s i te  o f  ammonia and fo rm a m id e ;  
p a r a b a n i c  a c i d  a s  a c o m p o s i t e ,  w i t h  a p p r o p r i a t e  e l i s i o n s  o r  w e i g h t ­
i n g s ,  o f  u r e a  and  c i s - g l y o x a l ; e t c .  The c o m p o s i te  m o le c u le  a p ­
p r o a c h  was i t s e l f  f o r m a l i z e d  on th e  b a s i s  o f  CNDO/s MO c o m p u ta t io n s  
f o r  t h e  m o le c u le  o f  I n t e r e s t  and i t s  component b i t s .  As a r e s u l t ,  
t h e  b u s i n e s s  o f  a s s ig n m e n t  becom es a c o r r e l a t i v e  e f f o r t  w h ic h  
a t t a i n s  c r e d i b i l i t y  o n ly  a s  i t s  a b i l i t y  t o  r a t i o n a l i z e  t h e  p e s  
ban d s  o f  a l a r g e  and d i v e r s e  s e t  o f  m o le c u le s  i s  e s t a b l i s h e d .
The u t i l i t y  o f  CNDO/s c o m p u t a t i o n s ,  com bined w i t h
1 2  3 4c o r r e l a t i v e  e f f o r t s ,  i s  r e p o r t e d  e l s e w h e r e .  ’ * * The p u r p o s e  
of t h e  p r e s e n t  w ork  i s  t o  s u n m a r lz e  t h e  l o w e r - e n e r g y  p e s  d a t a  and a s ­
s ig n m e n ts  f o r  a v a r i e t y  o f  c a r b o n y l - c o n t a i n i n g  m o le c u le s  and to  
i t e m i z e  t h o s e  e f f e c t s  o f  a n  e x p e r i m e n t a l  n a t u r e  w h ic h  w ere  
h e l p f u l  i n  v i n d i c a t i n g  t h e  t h e o r e t i c a l  a s s i g n m e n t s .
MONOCARBONYLS
The i o n i z a t i o n  e v e n t s  and a s s i g n m e n t s  f o r  f i v e  
mono c a r b o n y l  m o le c u le s  a r e  t a b u l a t e d  i n  T a b le  I .  The i o n i z a t i o n  
e v e n t s  i n  two o f  t h e s e  m o le c u le s ,  u r e a  and d i m e th y l  c a r b o n a t e ,  
have  n o t  b e e n  r e p o r t e d  p r e v i o u s l y .  The p e s  s p e c t r a  o f  a c e ta m id e
TABLE I .
IONIZATION POTENTIALS OF MONOCARBONYLS 
( in  eV)a
MOLECULE 1(1) 1(2 ) K 3 ) 1(4 ) 1(5) 1 (6 ) 1(7) 1(8) 1(9) 1(10) Kll)
UREA 10.15 10 ,5 1 0 .8 14 .5 15 .9 17.7
h2nconh2
MO TYPE n "e IT








11.56 11.76 13 .55 13 .55 15.12 15.51 17 .1 17.5 18.2
MO TYPE n
" e "e
ACETALDEHYDE I0 .2 0 (A , V) 12.61(A ) 14.19 15 .3 16 .4 19.0
CH CHO







ACETAMIDE 9 .6 2 (A) 10.34 12 .98 14.12 1 5 .4 16 .0 18.0 19 .5
ch3conh2
" v i b (cm‘ 1> 
MO TYPE
9 . 95(V) 
1728 
n "c TT
aThe n o ta t io n  (A) fo l lc w in g  an io n i z a t io n  en e rg y  d e n o te s  an  a d ia b a t i c  e v e n t;  th e  n o ta t io n  (V) d e n o te s  a v e r t i c a l  e v e n t .
and e t h y l e n e  c a r b o n a t e  a r e  I d e n t i c a l  w i t h  t h o s e  a l r e a d y  a v a i l a b l e .  
However, t h e  l o w e s t - e n e r g y  i o n i z a t i o n  band o f  e t h y l e n e  c a r b o n a t e  
d e s e r v e s  some com m ents:
( i )  The a d i a b a t i c  i o n i z a t i o n  e n e r g y  l i e s  a t  10 .40eV  
and n o t  a t  10 .70eV  a s  p r e v i o u s l y  r e p o r t e d . ^
( i i )  T h re e  v i b r a t i o n a l  p r o g r e s s i o n s ,  w i t h  mean s p a c i n g s  
o f  1840 , 1880 and 1160cm \  have  b e e n  i d e n t i f i e d  i n  t h i s  p e s  b a n d .
( i i i )  I n  a c c o r d  w i t h  S w e ig a r t  et^ a_l. ,  i t  i s  c o n c lu d e d  
t h a t  t h i s  band c o n t a i n s  t h r e e  d i s t i n c t  i o n i z a t i o n  e v e n t s .
The p e s  s p e c t r u m  o f  a c e t a l d e h y d e  h a s  n o t  b e e n  r e p o r t e d .  
Dewar e £  aj^. ^ have  p r o v id e d  a s e t  o f  i o n i z a t i o n  e n e r g i e s  o b t a i n e d  
u s i n g  a r e t a r d a t i o n  a n a l y s e r ;  h o w e v e r ,  t h e  r e s u l t s  o b t a i n e d  h e re  
a r e  q u i t e  d i f f e r e n t .
a-DICARBONYLS
The p h o t o e l e c t r o n  s p e c t r o s c o p y  o f  o c -d ic a rb o n y ls  o f  ty p e  
X-COCO-Y, w h ere  X.Y = NH2 , NHCHy N(CH3>2 , N H C ^ ,  OCH3 , O C ^ ,
CH3 and C l  w e re  s t u d i e d .  Sym m etric  and u n sy m m e tr ic  r v - d i c a r b o n y l s  
a r e  c h a r a c t e r i z e d  by X ~ Y and  X /  Y, r e s p e c t i v e l y .  The e n e r g y  
l e v e l s  and a s s i g n m e n t s  w h ic h  p ro c e e d  from  t h i s  w ork a r e  shown i n  
F i g u r e  1 . F i g u r e  1, a t  l e a s t  i n s o f a r  a s  a s s i g n m e n t s  a r e  c o n c e rn e d  
r e p r e s e n t s  c o n s i d e r a t i o n  o f  a number o f  d i f f e r e n t  e f f e c t s ,  a l l  o f  
them i n v e s t e d  w i t l i  c o n s i d e r a b l e  a s s ig n m e n t  c a p a b i l i t y .  These  a r e :
( i )  A d d i t i v i t y  e f f e c t s :  The e n e r g y  o f  an  i o n i z a t i o n
e v e n t ,  I ( i ) ,  i n  u n s y m m e tr ic a l  r y - d i c a r b o n y l s  i s  g i v e n  by
F i g u r e  1: E x p e r im e n ta l  c o r r e l a t i o n  d ia g r a m  f o r  c r d i c a r b o n y l s ;
7
t r a n s - g l y o x a l .  b i a c e t y l ,  p y r u v ic  a c i d ,  m e th y l  p y r u v a t e ,  
p y ru v a m id e ,  d i e t h y l  o x a l a t e ,  d i m e th y l  o x a l a t e ,  o x a l i c  
a c i d ,  oxam ic  a c i d ,  ox am id e ,  N ,N '- d im e th y lo x a m id e ,
N ,N '- d i - n - p r o p y l o x a m i d e ,  N ,N ,N ' ,N ' - t e t r a m e t h y l o x a m i d e ,  
o x a l y l  c h l o r i d e ,  e t h y l  o x a l y l  c h l o r i d e ,  e t h y l  oxam ate  
and N ,N -d im e th y l  e t h y l  o x a m a te .
s
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I ( i ) ,  XCOCOY = * [ l ( i ) ,  (XCO) 2  + 1 ( 1 ) ,  (YCO)2 ]  1
f o r  i  = n+ , n _ ,  n  a n d ,  p o s s i b l y ,  tt+ .
( l i )  N - m e t h y l a t i o n  ( N - a l k y l a t i o n ) :  The n - n o n b o n d in g ,
I o n i z a t i o n  e v e n t s ,  Uq  and tt̂ ,  o f  t h e  am ine s u b s t i t u e n t s  o f  oxamide 
a r e  more s e n s i t i v e  t o  N - a l k y l a t i o n  t h a n  a r e  t h e  a -n o n b o n d in g  MO's, 
n + and n _ .  F u r th e r m o r e ,  t h e  s e p a r a t i o n  b e tw e e n  t h e  tTq  and tt̂ . 
i o n i z a t i o n s  g e n e r a l l y  d e c r e a s e s  upon N - m e t h y l a t i o n .
( H i )  O - a l k y l a t i o n  ( e s t e r i f i c a t i o n )  : The i o n i z a t i o n
p o t e n t i a l s  o f  p y r u v i c ,  o x a l i c  and oxam ic  a c i d  a r e  d e c r e a s e d  upon 
e s t e r i f i c a t i o n ,  i o n i z a t i o n  e v e n t s  o f  n - t y p e ,  p a r t i c u l a r l y  t h o s e  on 
t h e  -OH g r o u p ,  b e in g  more s e n s i t i v e  t h a n  t h o s e  o f  a -n o n b o n d in g  
t y p e .
( i v )  S p e c i f i c  i o n i z a t i o n  e v e n t s  a s s o c i a b l e  w i t h  t h e  
rem o v a l  o f  a n  e l e c t r o n  w h ic h  i s  h e a v i l y  l o c a l i z e d  on some one 
g ro u p  w i t h i n  t h e  m o le c u le  ( e . g . ,  t h e  tt̂  e l e c t r o n s  o f  t h e  am ine  
g ro u p  i n  oxam ic  a c i d )  can  be d i s c r i m i n a t e d  by  v a r y i n g  t h e  s i t e  
o f  a l k y l  s u b s t i t u t i o n .
TRICARBONYLS
The o n ly  t r i c a r b o n y l s  s t u d i e d  w e re  p a r a b a n i c  a c id  
( i m i d a z o l i d i n e t r i o n e )  and i t s  N - a lk y l  d e r i v a t i v e s .  The i o n i z a t i o n  
e v e n t s  o b s e rv e d  a r e  t a b u l a t e d  i n  T a b le  I I .  The p r im a r y  i n t e r e s t  
i n  t h e s e  s y s te m s  was c o n c e rn e d  w i t h  t h e  a b i l i t y  o f  c o m p o s i t e  
m o le c u le  a p p r o a c h e s  t o  p r o v id e  a d e s c r i p t i o n  o f  th e  p e s  o f  a 
q u i t e  com plex  m o le c u le .
TABLE I I ,
IONIZATION ENERGIES AND BAND ASSIGNMENTS OF PARABANIC ACIDS3 BAND ENERGIES ( in  eV)/ASSIGNMENT
MOLECULE I d ) 1(2) 1(3) 1(4) 1(5) 1(6) 1(7) 1(8) 1(9) 1(10) I d l ) 1(12) 1(13)
PARABANIC ACID 10.67 11.34 11.57 11.79 1 2 .58b 14.10 14.57 15.55 15.75 16.27 16.76 17.55 18.81
PEA
Uvib(cm' 1) 1500
MO TYPE n+ "e n r e n_ n
N-HETHYLPARABANIC ACID 10.52 10.68 11.2 11.39 I2 .2 9 b 13.73 14.43 15.60 16.10 16.7 17 .6 18.1 19.6
MPBA
1700
MO TYPE n+ n n_© n_ TT
N,N'-DIHETHYLPARABANIC ACID 10.19 10.33 10.97 11.1 1 2 .19b 13.3(V ) 14.19 14.87 15.24
DMPBA
Vvib(em’1) 1620
MO TYPE " c n-r ne n n tt
N, N' -DIPROPYLPARABANIC ACID 9 .90 10.10 10.65 11.90 12.15 12.63 13.90 15.15 16.3 17.0 19.0
DPPHA
MO TYPE n ["e . " I n_
a V e r t ic a l  io n iz a t io n  e n e rg ie s  a re  denoted  by V; bands so deno ted  e x h ib i t  v ib r a t io n a l  s t r u c tu r e .
The v e r t i c a l  and a d ia b a t ic  io n iz a t io n  e n e rg ie s  a re  i d e n t i c a l  fo r th e s e  bands.
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RESERVATIONS
I n  v iew  o f  t h e  l a r g e  number o f  i o n i z a t i o n  e v e n t s  and 
a s s i g n m e n t s  t h a t  have  b e e n  made h e r e ,  i t  i s  e x p e c t e d  t h a t  c e r t a i n  
ones  w i l l  and  s h o u ld  be q u e s t i o n e d .  I n  s p e c i f i c ,  t h e  tt+ a s s i g n ­
m en ts  a r e  m ost t e n t a t i v e .  I n d e e d ,  t h e  o n ly  e v id e n c e  f o r  t h e s e  
a s s i g n m e n t s  i s  b a s e d  on a d d i t i v i t y  e f f e c t s  and on c o n c o rd a n c e  w i t h  
CNDO/s MO r e s u l t s .
186
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